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This document is submitted to the National Aeronautics and Space
Administration, Johnson Space Center by Martin Marietta Corporation
Denver Division, as part of the final report for Contract NAS9-12182,
Acquisition/Expulsion System for Earth Orbital Propulsion systems.
The final report consists of five volumes as follows:

Volume 1 - Summary Report;
Volume II -~ Cryogenic Design;
Volume III - Cryogenic Test;
Volume IV - Flight Test Article;
Volume V - Earth Storable Design,

This work was administered under the technical direction of Mr.
Larry Rhodes, NASA-JSC Technical Monitor. Mr. Howard L. Paynter,
Chief of the Thermodynamics and Fluid Mechanics Section, Propulsion
Department, was the Martin Marietta Program Manager.

The following Martin Marietta personnel made significant contribu-~
tion to the Phase A Cryogenic Design effort:

K. C. Lunden, A. J. Villars, Jr.
and T. Richard Barksdale

R. N. Eberhardt and W. .. Karlin

Preston E. Uney

E. Robert Wilson

ii

Fluid *echanics and Capillary
System Design Analysis
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SUMMARY

—— an v —

A comprehensive cryogenic design effort was conducted under this
phase of the contract. Design methods and techniques for desigu
ing cryogenic acquisition/expulsion systems were developed and
verified through ground tests.

Detailed designs were made for three Earth orbpital propulsion
systems: (1) the Space Shuttle (integrated) OMS/RCS, (2) the
Space Shuttle (dedicated) OMS (LO,)., and {(3) the Space Tug. The
preferred designs from the integrated OMS/RCS were used as the
basis for the flight test article design in Phase C. A plan wvas
prepared that outlines the steps, cost, and schedule required to
complete the development of the prototype DSL tank and feedline
(LH, and LO,) systems.

Ground testing of a subsecale model using LH, verified the expul-
sion characteristics of the preferred DSL designs. Tecause of
the l-g thermal stratification of LH;, the liquid-free vapor
venting of the DSL concept could not be completely verified.

The passive cryogenic DS'. tank/feedline design has great poten-
tial applicarion for space missions in the near future. The de-
sign should be validated in a test flight that will provide an
extended period (7 to 14 days) of low-g performance at an early
date.
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INTRODUCTION

Results of the design effort conducted during the cryogenic system
phase (Phase A) of the program are presented in this volume. In
this phase, preferred passive acquistion/expulsion concepts were
designed and recommended for subcritical storage of cryogens used
in the Space Shuttle Orbiter and the Space Tug propulsion systems.
The design effort was complemented by the experimental program
presented in Volume III.

BACKGROUND AND OBJECTIVES

“he design effort was considered to be an extension of work begumn
under Contract NAS9-10480, a general study that evaluated a wide
range of probable subcritical cryogenic storage applications in-
cluding a design for a low-crossrange Shuttle Orbiter. The para-
metric and point design results (Ref I-1), show the dual-screen-
liner (DSL) concept was extremely attractive for service in both
the Orbiter LO; and LH, storage tanks. The unique feature of the
DSL concept (Ref I-2), compared to other prcposed acquisition/ex-
pulsion concepts, is that it passively controls the entire bulk
propellant duriecg lov -g storage. Lt is the only pussive concept
that provides thie following performance when incorporated in the
storage tani 3i.d feedline.

1) Pressure~velief of the storage system by venting vapor, as re-
quired;

2) Gas-free liquid expulsion on demand;
3) Near-continuous control ol the bulk propellant.

Because reliability and weight are key considerations for reusable
vehicles such as the Space Slittle and Space Tug, the attractive-
ness of the passive DSL screen device is evident. 1Itg pressure-
relief technique compares favorably; on a thermodymanic basis with
other methods such as the liaguid venting technique (Ref I-1 and I-3),
while allowing either intarmittent or continuous venting of vapor.
Based on these earlier results, the DSL concept was selected as

the baseline for this study. It was modified to satisfy the re-
presentative mission/system criteria compiled during the study and
listed in Reference I-4.




A s

B.

Martin Marietta conducted the program under direction of the NASA-
Johnson Space Center (JSC) as part of NASA's Advanced Technology
Program to provide propulsion systems for future manned Earth or-
biting vehicles (circa late 1970s and early 1980s). Specific ob-
jectives of the cryogenic study phase (Phase A) were to:

1) provide detailed cryogeric designs for the Space Shuttle
(integrated) OMS/RCS, the Space Shuttle (dedicated) OMS (LO,)
and the Space Tug;

2) verify the designs with subscale ground tests;

3 provide a development plan, emphasizing schedules and costs,
for the Space Shuttle OMS/RCS integrated systems;

4) provide the design for the'orb1tal flight test article to be
used for the Phase C efforc.

GUIDELINES AND APPROACH

Contract NAS9-10480 was limited to the cryogen tank only and did
not include detailed analyses of the total system integration and
perfcrmance requirements. These considerations were included in
the acquisition/expulsion system analysis and design tasks of
program Phase A. The system boundaries, as defined here, began
with the pressurant inlet to the propellant tanks and ended at the
interface provided by the turbopump assembly (TPA) in the feedline.
Design flexibility, i.e., efficient and reliable operation over

the range of Shuttle Orbiter and Space Tug missions, was to be
emphasized.

The primary operaticnal requirements for propellant acqui..tion/ex-
pulsion system were to: (1) supply gas-free liquid to the TPA on
demand; and (2) provide pressure relief of the storcge system, as
required, by venting liquid-free vapor. Because the Shuttle Or-
biter and Space Tug are reusable vehicles (100 missions over 10
years), it was also desirable to make the acquisition/expulsion
device be reusable and inspectable with minimum maintenance.

The program was conducted in four separate tasks over a 23-month
period, as shown in Fig. I-1. During Task i, the design criteria
and mission Auty cycles were compiled for the Shuttle Orbiter (in-
tegrated) OMS/RCS, the Shuttle Orbiter (dedicated) OMS (LO,), and
the Space Tug.
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The design criteria were obtained from the most current information :
available from both NASA-and DOD-funded studies. The criteria and .
guidelines from Task I (Ref I-4) were used in the design task.
(Task I1). Under Task 11, design analyses and trade studies were
performed that resulted in selectiag and recommending preferred de-
signs for the three Earth-orbiting vehicles. During Task II, criti-
cal technical areas affecting the designs were also evaluated with
an eye to establishing recommended design guidelines and approaches
while identifying preferred analytical tools. These results are
presented in Chapter 11 of this volume. The results of Task II,
and the designs for the integrated OMS/RCS, dedicated OMS (LO,),
and the Space Tug, are presented separately in Chapters I1II, TV,
and V, respectively. The preferred integrated OMS/RCS design was
. also selected as the baseline system (see Volume IV) for the or-
¢ bital flight test article.

The technical appreach in this progra= placed a strong emphasis on
ground testing. During the 18 months of testing under Task III,

the design methods and analytical models (see Chapter II) were veri-
fied experimentaiiy. The ground test plan outlined in Reference I-5
was submitted and approved by NASA in October, 1971. The plan in-
cluded testing of the 63-cm(25-in.) diameter model to demonstrate
vapor-free liquid outflow and liquid-free vapor venting using LH, as
the test liquid. The plan included low-g tests to be conducted in
the KC-135 aircraft. This phase of the program also benefitted by i
results obtained from two IR&D experimental programs which were con- i
ducted concurrently with Phase A. The two programs were: (1) the ' .
development and testing of a 6.1-m (20-ft) long cryogenic feedline

model using LN, as the test liquid; and (2) the fabrication and in-

spection of the 178-cm (70-in.) diameter screen tank. Results of the

Task 11I effort, including the IR&D programs, are shown in Volume III.

M N et . Mt me L mgommary - e 0

The DSL development plan, Task IV, is presented separately in Chap-
ter VI. This plan outlines the steps necessary to carry the cryo-
genic systems from an engincering conceptusl desiin to a completely - ;
developed prototype system. .

; Conclusious and recommendations from the Phase A effort are presented
in Chapter VII.
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This chapter presents the basis for the design effort conducted
under Phase A. Candidate systems are described, which use pas-
sive methods for controlling cryogenic propellants under the
operational environments of the Shuttle Orbiter and Space Tug.
From these candidates, systems can be selected for more detailed
analyses and trade studies to yieid the preferrea design for a
specific vehicle. In addition, this chapter presents design in-
formation basic to the analyses and efforts presented in Chapter
I11 through V. The majority of this design information was
generated under this program. The information is categorized
into the four techmnical areas that affect the design of cryogenic
acquisition devices, as follows:

1) Fluid mechanics;

2) Thermal and thermodynamic considerations;
3) Structural considerations;

4) Configuratior and size considerations.

CANDIDATE SYSTEMS

The systems evaluated for cryogenic propellant a. uisition/expul-
sion systems were based on the Martin Marietta dual-screen-liner
(DSL) capillary concept. The systems are varied from this basic
design, as required, to meet tlie specific mission resquirements.
The DSL is a complete capillary screen liner within the storage

tank that pacsively controis the bulk propellant during low-g
periods.

Capillary systems are designed to provide stability and control

of the fluid to assure single-phase fluid withdrawal for vapor
venting and liquid expulsions during low-g operation. Stability
criteria are available for selecting pore size and type of foram-~
inous material to be used in capillary devices (Ref II-1 and II-2).
Whether the capillary system is a small trap or includes a com-
plete liner, the screen device assures the desired liquid/vapor
interface stability and bulk liquid control for any vehicle

1I-1
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maneuvers. Technical areas affecting the design of capillary
systems, such as pressure retention capability of the screen,
are discussed later in this chapter.

The DSL has been analyzed extensively by Martin Marietta under
company-funded and contractual programs and compares favorably to
the thermodynamic liquid vent method at required operating press-
ures (Ref 1I-3). The DSL tends to be simpler (no valves), while
weighing less and providing a better system response for inter-
mittent venting. A discussion of the basic DSL concept and varia-
tions of the concept is presented in .he following paragraphs.

Dual-Screen Liner (DSL) System

The basic dual-screen liner (DSL) system is illustrated in

Figure II-1. Two complete Dufch-twill metal cloth liners are po-
sitioned within the tank to (1) enclose all of the propellant
during low-g storage; (2) provide a liquid trap that will supply
gas-free liquid on demand; and (3) provide a controlled vapor
region to permit liquid-free gas venting as required for achiev-
ing tank pressure control during long low--g coast periods.

The outer screen liner isolates the propellant from the tank wall
during low-g storage periods. The region between the liner and
tank wall provides a controlled volume from which vapor can be
vented overboard to control tank pressure. The annular region
between the two screens provides a preferential path for gas-free
liquid to flow to the tank outlet on demand. Liquid in this
annulus is displaced during expulsions by liquid fcom the central
bulk region. Passive communication screens allow pressurization
of the bulk propellant region by introducing pressurant in the
outer annulus.

While vaporization of liquid at the surface of the outer liner
tends to thermally isolate the bulk propellant, it also raises
the pressure in the outer gas annulus. If the pressure is not
relieved by venting, gas will break through the communication
screen and enter the bulk region. This occurs when the pressure
difference between the vapor region and the bulk liquid exceeds
the bubble point (BP) of the screen.

During high-g operation, the liner will protrude some distance
above the gravity-dominated liquid position and liquid will be
in the annular region formed by the liner and tank wall. Suffic-
ient ullage volume is provided in the central portion of the

11-2

o
i

4



tank so liquid can be positioned within the liner when the high-g
condition is removed. This liquid repositioning can he accomp-
lished in at least two ways: (1) self-pressurization, and (2) ex-
ternal pressurization. Heat leaking into the system will vapor-
ize liquid near the tank wall. The resulting increase in pressure .
will force liquid into the lower pressure central region until all .
liquid is enclosed by the screen liner. A quicker method of

emptying this region is to introduce pressurization gas into the

outer annulus, thus, forcing the liquid into the central region.

-Nonpropulsive Vent

Pressurization
Line \

Communication
Screen

)
RN

Gas Annulus :

Liquid Annulus

o a e

Pig. II-1 Basic DSL Concept ‘
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The liquid annulus is filled during tank loading and stabilized
bv the capillary retention capability of the screen so it will
remain filled during the mission. The critical mission periods
for stability are during high-g boost and low-g maneuvers. Fac-
tors affecting stability under these conditionc are discussed

in Section B.

The refilling problems associated with other trap concepts and
start tanks do not affect the DSL. During an expulsion, bulk
liquid flows through the liquid annulus to the tank outlet.
Pressurization gas, including warm autogenous pressurant, may be
introduced into either the bulk or gas annulus regions, with

the latter tendinrg to be the preferred method. Pressurant flows
from the outer annulus through the passive communication ports
and into the bulk region, displacing propellant into the liquid
annulus. The screen liner filters gas out of the annulus until
nearly the entire bulk region is emptied. At that point, the
1liquid entrance loss (bulk liquid entering the annulus through
the screen) becomes excessive and the screen retention cap-
ability is exceeded. The retention capability, as determined
from the bubble point of the screen, must be greater than (or at
least equal to) the sum of the adverse pressure differences
acting on the screen during the entire mission to continually
stabilize the liquid/ullage interfaces at the pores. During
low-g, the expulsion efficiency for the DSL is determined by the
liquid remaining in the liquid annulus and in the bulk region
when the entrance loss exceeds the pressure retention capability
of the screen forming the liquid annulus.

Venting of the gus annulus must be performed within the bubble
point of the screen liner to assure that liquid does not enter
the vapor region during venting. Venting vapor from the tank
and feedline requires that the bulk liquid be controlled. Pass-
ive communication devices (screen with a lower bubble point
than that forming the controlled liquid volume) permit inter-
mittent venting by providing a path of lower resistance for the
vapor in the outer amnulus to enter the bulk region rather than
the liquid annulus. The absolute pressure level may be allowed
to increase without causing screen breakdown, i.e., vapor will
not enter the controlled liquid annulus region.

Support of the bulk propellant within the tank's central region
is provided when the pressure in the gas annulus is greater than
that of the central ullage region. This pressure difference
must he adequate to support the hydrostatic head of the bulk
propellant.,

11-4
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If some liquid is lost into the gas annulus, it will tend to be
pushed back into the central portion of the tank because the
liquid vaporization and the resulting pressure increase in the
annulus will force the liquid into the bulk region. The DSL
provides nearly continuous bulk prcpellant control under the
dynamic conditions that may result from thrusting and docking
maneuvers during low-g storage. A more detailed discussion of
the critical parameters that influence the design of the DSL are
presented in Section B.

Channel/Liner System

Since the expulsion efficiency of the DSL is based on the volume

of the liquid annulus, expulsion efficiency aud screen weight can

be improved by using the channel/liner system shown in Fig. II-2. .
Instead of a complete liquid annulus, a number of separate screen ;
channels are uniformly spaced around the tank perimeter extending

the: full length of the tank. The channels are manifolded at the

tank outlet to provide gas-free liquid to the feedlire. The reg-~

ion between the screen liner and the tank wall provides the gas

annulus for venting. The screen between the channels provides

passive communication between the gas annulus and the bulk region.

The operating characteristics of this system are similar to the

basic DSL. Structural support for the screen configuration is

provided by coarser screen and/or perforated plate.

In addition to a lower hardware weight than the basic DSL, the
channel/liner system reduces the residual propellant, thereby im-
proving the expulsion efficiency. However, the geometry of the
channel/liner system is limited by the wicking capability of the
communication screen between channels. As an example, during
pressurization, the liner may dry out (break down) while allowing
gas to enter the bulk region. After pressurization, the liner
must rewet if support of the bulk liquid is to be assured. Con-
sequently, one consideration for spaciug between channels is to
limit the maximum distance to twice the wicking capability for
the communication screen. This design constraint and others

are discussed more fully in Section B.
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3. Trap/Liner System

Sren w

. 1 Another variation of the DSL is the refillable trap/liner system
g shown in Fig. II-3. The trap device is fabricated of fine mesh
. screen and contains a liquid annulus. The liquid annulus is
connected to the tank outlet and is designed so that it is
always full. The bulk liquid contained within the trap will
contact the liquid annulus and displace liquid in the annulus
during pressurization and liquid outflow. The device is
refilled under a settling mode when vehicle acceleration during
thrusting settles the propellant over the trap.

[ T NI

X The region between the outer screen liner and the tank wall

H forms a gas annulus that allows venting at any time without the
need for settling the propellant. Liquid is expelled by
pressurizing the gas annulus until pressurant breaks through

u the screen liner and into the bulk propellant region. Con-
tirued pressurization will force the propellant into the
controlled liquid regicr 3{ the device and out the tank outrlet.
! The trap volume is sized to provide gas-free liquid until

F~ ) settling occurs.

This variation of the DSL concept is particularly applicable

for systems that experience relatively large longitudiral

accelerations. Because the hydrostatic head approximetely \
covers the tank length, the basic DSL system would require

several layers of fine mesh screens to maintain stability under

high accelerations. This, of course, results in acdditional

hardware weights. The refillable trap uses the hig> longitudinal -~ {
accelerations for refilling and the height of liquid that it -
must support can usually be that provided by a single layer

of screen. The refillable trap, however, is mission-dependent
and does not offer the flexibility provided by the basic DSL or :
channel/liner systems.

P L

il

I1-7




v e - NN e o e S B -
!
{
Pressurization
and Vent Line .-
. Tank Wall
i — P’
i : I Vapor Annulus

Screen Liner

AR g e PEES et WA v

- ~Screens

Liquid — =
Annulus | |____,_‘----.'l‘o Auxiliesry System

|
——dJ N .
(T — ey gty — <
L TS WeaEen GRS WU R TR :“
\—-Screen Liner 4
To Main {
Engine —Gas Annulus .
Fig. II-3 Trap/Liner System T
¥
11-8 &
Lo




Y T e e Za Gty e L JARENSN

——— - IR SRR PGS L g, <

L ]

Ty

Eccentric Screen Liner

Another variation of the basic DSL is the eccentric-screen liner
(ESL) shown in Fig. II-4 and II-5. It uses an eccentric posit-
ioning of the liners to afford the desired minimum surface energy
conditions assuming that capillary forces will dominate and
position the fluids. Both of the 1llustrated designs have three
spherical-screened compartments. Liquid is expelled from the
small central compartment. This compartment is designed so that
it remains gas-free until the total liquid volume becomes less
than the compartment volume. This is accomplished by the two
outer screen liners, which keep liquid in contact with the screen
of the central compartment at all times. The two outer screen
liners are also sized to minimize hydrostatic head support re-
quired during high-g expulsions.

The dual-feedline design using the ESL concept is shown in

Fig. II-4. Except during reentry, liquid is expelled from the
central compartment throrgh the feedline that is approximately
on the X-axis of the vehicle. During reentry, the screens will
break down and the liquid remaining in the tank will settle over
the reentry feedline which is parallel to Y-axis of vehicle.
This axis corresponds to the approximate direction of acceler-
ation during reentry. ’

The single-feedline design using the ESL concept is shown in
Fig. II-5. The outer and middle szreen compartments are the
same as those in the dual-feedlinc design. However, the central
compartment consists of two hemispheres, one screen hemispnere
and another thin-walled hemispherical doma with an outlet. This
outlet is also parallel to the vehicle Y-axis. During reentry,
the remaining liquid is retained in the central compartment.
With these unique features, the ESL system can provid¢. gas-free
liquid expulsions during high:'g periods, which is not possible
with the basic DSL system. However, the three screen liners
also result in more screen surface areas and larger hardware
weight than that of the basic DSL system.

Weeping Tank Concept

With the Dasic DSL, environmental heat input is intercepted by
evaporation at the outer screen surface, Proper operation of
this system depends on maintaining the pressure in the outer
vapor annulus slightly higher traa that in the liquid annulu:.
The pressure difference across the outer screen (between the

11-9
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gac annulus and liquid annul.© must not exceed ihe bubble point
of the screen; except., ot ¢ - .e, during pressurization. The
weeping tank concept (Ref 1: i provides a means of circumventing
the relatively narrow o . - .:ations of the DSL by allowing the
pressure in the vapor = . -:  to drop below that in the ligqnid
annulus. The result:n~ . . .cllant leakage is controlled by
greatly reducing ri= - .pility of the outer screen. This per-
neability ie coos ..« leakage rate is exactly required to
maincain evaporat. . -ooiing equal to the net heat load.

The weeping tank ~u:ncept, shown in Fig. 1I-6, has different vent-
ing charactevist:cs from the basic DSL system. The outer liner
is a solid shel}l {:rather than a screen) with porous plugs or
"visco jet" plugs to allow relatively slow propellant leakage
into the vapor annulus. Screen channels provide gas-free liquid
to the tank outlet as in the charnel/liner syscem.

Two pussibilities exist for controlling the vent rate with such
a gystem--either controlled or uncontrolled. For an unceontrolled
system, the vapor annulus is vented directly to space. The per-
meability is chosen to accommodate the anticipated heat load with
variations in the heat load resulting in departures from the
design of the tank operating p.essures. The suitability of such
a system depends on how well the heat load can be predicted.

This type of system could be designed to operate with the pressure
in the vapor annulus either above or below the triple point, de-
pending on the pressure drop through cthe vent system. If oper-
ation is below the triple point, then the fluid will freeze some-

where within the permeable material and ccoling will be by
sublimation.

For the controlied system, venting occurs through a control valve
(either on-off or continuous modulation). The vent rate is de-
termined by the pressure difference b_.tween the liquid annulus
and the vapor annulus. By closing the vent valve, the difference
is reduced to zero. This type of system would probably always
vperate with the vapor annulus above the triple point. Also, the
outer shell would have to be designed for the full tank pressure.

For heat inputs on the order of 0.787 W/m? (0.25 Btu/ft-hr), the
desired range of shell permeability is quite low. A cursory
survey of porous materials disclosed no material suitable for a
continuous permeahle surface with reasonable thickness. However,
this survey was fer from exhaustive. Also, it is possible to use
a permeable material intermittently. For cxample, discrete porous
plugs may be spaced at suitakbie intervals in the tank wall., In

II-11
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this construccion, cooling is localized, and Lhe aliowable tem-
perature gradients ir the wall are determincd by the required
porous plug spacing.

The weeping tark concept appears to offer arn attractive alterna-
tive to the dual-screen liner for cryogenic low-g propellant
storage systems. The same venting principle also appears suit-
able for feedlines.

Screen Feedlines

The DSL concept can also be applied to the cryogenic feedline
design. As shown inm Fig. II-7, a screen liner within the feed-
line provides a gas annulus and maintains a gas-free liquid core.
The screen is supported by a perforated tube. Yeat entering from
the sides of the feedline vaporizes liquid at the screen liner,
providing uniform cooling along the length of the feedline. The
gas anunulus, which is in communication with the gas annulus of
the tank (Fig. IT1-8) can be vented to maintain the rroper gas
annulus pressure. Multilayer insulation (MLI) and a feedline
vacuum jacket provide the thermal protecticn svstem.

The liner operation is similar to that discussed for the storage
tank designs. It is attraccive because it permits both wet and
dry feelline conditions prior to ligquid expulsions. Once the
screen liner is wetted, the liner stabilizes the interface at

its surface. Liquid between the liner and line wall tends to be
positioned with the bulk liguid, provided it is in contact with
the screen at some point. The controlled vapor region may or may
not ke in direct ccemmunication with the vapor region of the tank.
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TECHNICAL AREAS AFFECTING SYSTEM DESIGN

The evaluatlon and design of a cryogenic acquisition/expulsion
system requirzd extensive knowledge of a number of important
technical areas. Some of the information assembled during the
course of the program, as an aid to selecting the ultimate design,
was the result of literature searches and industry surveys. The
bulk of the information, however, was collected from analytical
and experimental investigations. These investigations were
basic in nature and were directed toward answering the questions
of--How passive cryogenic retention/expulsion systems could be
used? What factors influenced the size, shape, weight perfor-
mance, and service environment of the systems? This general
information is presented here in four basic categories (1) Fluid
Mechanics, (2) Thermal and Thermodynamics, (3) Structures, and
(4) Configuration and Size.

Fiuid Mechanics

The investigation of fluid mechanics, as related to cryogenic
propellant acquisition/expulsion systems, included consideraticn
of both static and dynamic fluid phenomena. Static phenomena
investigations included analytical and experimental study of

the nature of screen capillar stability. Dynamic phenomena in-
cluded basic investigations of fluids flowing through capillary
media together with computer dynamic system simulations and
physical testing of representative system designs. Also included
were start transient analyses and tests for representative systems,
and analytical definition and test verification of wicking
models.

a. Capillary Stability - The candidate concepts described in
Section A may have functional differences, but they all rely on
a common phenomenon for successful operation--the retention
capability of the capillary media. All of the retention devices
separate liquid regions from vapor regions in the tank and,
generally, any ingestion of vapor into the controlled liquid
region is undesirable and contrary to design philosophy. Thus,
a complete knowledge of the capillary retentfon capabilities of
the retention media in the devices is required.

When vapor passcs through a screen or other cdpillary device into
a controlled liquid region, the screen is said to have broken
down. This dreakdown phenomenon occurs when the sum of the
pressure differentials associated with (1) the exposed hydrostatic
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head of the device, (2) the viscous losses from fluid transfer

across the screen, (3) the viscous losses from fiuid transfer in 5
the controlled liquid region, and (4) the velocity head at the

point of breakdown, exceed the capillary retention capability

of the device. Depending on the orientation of the acceleration

B i

vector, these terms can be additive. p
Therefore, in Fig. II-9, when the acceleration settles the liquid
away from the outlet, the differential pressures are additive
for a screen of uniform pore size. Breakdown will first occur
at the point near the outlet, as indicated. This is a worst-case
condition because if the acceleration were in the opposite di-
rection then the terms would not be additive.
Point of Outflow Line
First Breakdown

— =—=—=— Vapor

Annulus
~——--—— Liquid
. Annulus .
- Bulk .
= Liquid 4
- - . .‘\ J’,‘;
~~~ Screens

Acceleration :
Vector .
Pressurization e I~
and Vent Line ‘5
Pig. II-" Screen Breakdown with Dual Soreen Liner ik
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the algebraic inequality

L\Pc < Ath + APfl + APsl + APsh [11-1]

where
APC = capillary retention pressur« capatility

Ath = velocity head

Apfl = yviscous flow losses in flow pass.age

AP81 viscous flow losses through screen

PR

L}
Ll

Apsh

static head pressure differentizl

%E
} The breakdown phenomenon can be represen:ed mathematically by

When the sum of all the terms on the r:ght hand side of the
equation is greater than the retention capability (AP ) of the
screen, breakdown will occur.

[T STV SN

The velocity head term in Eq {II-1] is expressed simply by
o_V* B ]
b " g 2 [11-2]
. i
The pressure drop in the flow passage is a function of the flow
velocity and the nature of the fiow passag The standard ex- -
pression for this is .
i i
- e ¥2 - J
8P, = f Ky g, 2 {11-3] 3
where K; is a unique coustant for a given system geometry and f
is a %riction factor, which can be functionally related to the
Reynolds number (NRe = %L!)' The pressure loss associated with
flow through the screen can also be expressed in terms of a
friction factor and velocity as
AP, = £ K V? (11-4]

vhere K is a constant determined by the screen properties, V is
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the velocity of the fluid approaching the screen, and f is the
friction factor established by a screen heynolds number.

The last term of [II-1] is the hydrostatic head term. This
term represents the pressure differential that is present in a
column of liquid in any gravitational environmment and is

expressed by
=, 3_ -
APsh p g h [I1-5]
c
where p = fluid density, kg/m3 (1bm/ft3)
a = local acceleration, m/sec? (ft/sec?) .
h = liquid height, m (ft)
kg - m 1bm - ft
B, converslon factor, 9.8 ﬁgr';;zz (32.2 igfffiﬁgﬁﬁ

In the case of a retention device with a vapor annulus, the liquid
height across which the screen must remain stable is the dia-
meter of the device in the direction of the acceleration, as
shown in Fig. II-10.

However, in the case where a single screen liner is used, -such
as in the weeping tank concept, the inner capillary surface is
the one subject to breakdown and the hydrostatic head is a
function of liquid level in the bulk region, rather than being
constant as in the previous case. This is illustrated in

Fig. II-1l.

b. Hydrostatic Head - The hydrostatic head is quite often the
most important consideration of those previously outlined and
expressed by Eq [II-1]. The acceleraiion enviromment, in
which the capillary device must function, can have a first-
order impact on the determination of the device size, shape,
and configuration. An acceleration enviromment of sufficient
magnitude may require the use of a capillary device (such as

a trap), which encloses only a portion of the tank (thereby,
reducing the hydrostatic head). There are cases where a
screen device is designed so a part of the system will be un-
stable above certain acceleration levels. This is the case
with a refillable trap design, where the trap cover must break- ;
down to allow liquid refill during certain mission maneuvers. :
Yet the same screen must not break down as a result of accel~

eration experienced in directions opposite or normal to the

refill acceleration vector. These potential design requirements

1I-18
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illustrate the need for precise and detailed information on the
capillary retention capabilities of fine mesh screen and other
candidate capillary barriers.

: The expression that predicts the pressure differential across a
liquid-vapor interface is

AP = o (-1-— + —l-—) [11-6)
ry r2

AN o N s S

where ¢ is the liquid surface temsion and r; and r, are the
principal radii of curvature measured at a point on the inter-
face. For the small pores in capillary media these radii are
essentially equal and the expression becomes

20
AP = ;;- [11-7]

e e m g B S e e

where r is the pore radius.

A large body of empirical data has been assembled that corre-
lates well with the analytical predictions. However, little
data have been available for bubble point values of screens
tested in cryogena. Furthermore, data on the potential additive
nature of multiple screen layers were unavailable for either
noncryogens or cryogens. Therefore, a test program was initiated
to establish the bubble point values for screens in cryogens

and the bubble point valueg of multiple screen layers in
cryogens as well as in the standard test fluid--methanol. These
tests substantiated that bubble point values for screens in
cryogens could be accurately predicted from the known values of .
fluid surface tension. .

Curves showing the retention capability of selecced fine mesh
screens are presented in Fig. II-12 and II-13 for LH, and

10,, respectively. The tests also showed that when care was
exercised to maintain a minimum gap between screen layers, bubble
point values were additive for combinations of similar or dis-
similar screens. These tests are discussed in detail in .

Volume IITY of this report. Based on these test results, the use o
of multiple screen layers to withstand large hydrostatic heads : N
appears a reasonable solution to some design requirements. R
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In some of the candidate systems use of communication screens
poses another design consideration. The communication screen

is broken down as an operational requirement during pressurization
events. It must be able to recover, or regain, its capillary
stability after the pressurization event is ended. Tests run
with methanol indics:e that the pressure differential across a
screen must drop to approximately 57% of its bubble point value
before the screen can recover. At that point the pressure
differential supportable by the screen is again the bubble point
of the screen.

These data are essential to the proper design of communication
screens. The communication screen has a lower hubble point than
the screens forming the controlled liquid regions; therefore,
the wetted communication screen will break down hbefore the other
screens in the system and pressure will be equalized in the two
adjacent vapor volumes. For the design to be successful, op-
erational parameters must be carefully considered. Any liquid
outflow event requires a certain pressurization flow rate. The
communication screen must be sized so that this flow can pass
into the bulk region without experiencing the large pressure
drop that would result from an undersized communication screen
area. The information gained from the communication screen tests,
presented both here and in the Subsection c. on hydrodynamics,
wa3 used to estimate minimum communication screen areas for
specific design applications.
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The surface tension of cryogens depende on the liquid temperature

at the liquid/vapor interface. Because the bubble points of the

scrzens are directly related to the surface tension of the wetting

liquid, the temperature/surface tension dependency is an important

design consideration. Curves illustrating this phenomenon for

LH, and LO, ar~ shown in Fig. II-14 and 1I-15. T

i - These curves were generated using the empirically derived
AN | relationship

o=0a (1 - Tr) 11/9 [11-8)

where Tr is the reduced temperature, T/T and a, is an empirical

c

constant, which may be regarded as the surface tension of a
hypothetical supercooled liquid at 0°K. These values of surface
tension agree within 2% of those presented in Cryogenic and
Indugtrial Gases (Ref II-5). As shown in the figures, the surface
tension of LH; (and therefore, the capillary retention capability
of the devices) degrades rapidly with increased temperatures.

P
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This same phenomenon is also p+esent for oxygen, although not sc
pronounced. Each design was carefully analyzed over the entire
mission duty cycle, for which it was intended, to ensure that

it would function properly over the entire anticipated temper-
ature excursion.

e. Hydrodynanics

1) General Considerations - The other major area of fluid mechan-
ics that was treated extensively during the program was the
general area of fluid dynamics. Three of the four terms contaiaed
in Eq [1I-1] are dynamic terms. In the absence of an acceleration
environment (i.e., with no t 'arostatic head present), the dynamic
conditions expressed by the ihree dynamic terms become the con-
trolling factors in the performance of a capillary system. An
understanding of thesc terms is crucial to selection and ultimate
design of an acquisition/expulsion system.

The technical area of viscous losses experienced by tue flow

of liquids through screens and other porous media was consid-
ered through both experimental and analytical techniques. Losses
for fluids in both the liquid and gaseous states were investi-~
gated over temperatures ranging from ambient to cryogenic,

This information is an important determinant in the proper

design of boih the capillary surfaces defining the controlled
liquid regions of the device and the capillary barriers which
serve as communication devices between vapor regions,

Knowledge of the pressure losses experiencea by fluid flowing
across a screen or other capillary device is also important to
the yroper design of a capillary system. If not enough screen
surface area is presont in the system, situations may occur
where the screen area, thiough which the fluid is flowing, may
bs small enough that the pressure d~ip experienced by the fluid
exxceeds the capillary retention capahility of the screen. 1f
this occurs, vapor will ve ingeste. lLnto the controlled liquid
volume-~a condition which is generally contrary to the design

philosophy.

Relationsaips defining pressure losses experienced by fluids
flowing through scriuens have been well established (lef II-3).
The possibility of incorpecrating multiple layer screen devices
in certain designs poses the question of how pressure losses
are related to the serimss of resistances that sev.ral screens
in a flowing system represent. The only available literature
suggested that the pressure loss was a multiple of the pressure
loss experienced by a single screen of the same mesh; the

1I-26
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olving factor being the number of screens across wnich rlow
rri Iiis information was based on the testing of
arse squiarc-—-weave screens in series. Therefore, a
s was conducted to determine if this relationship
nesn Dutch~tweill screen 2s well. f{These tests are
1T orf thiz report). The results

N
scussed in detaill in Volume |
>

1 S

f lhese tests indicate that the pressure loss ewperienced by
a3 series of sirilar fine mesh screens is pr- (ictable as a multi-
ple of the loss through a single screen of the same mesh. More-
cver, these data conformed to the predictions of Armour and
Cannon (Ref 1I1-6) and werz found to hold for both ras and liquid.
Therefore, in all analyses reauiring the investigacion ot

t

n w

'stems employing more than one laver of screen, these relation-
hips were assuned. :

In addition to screens, a number of other capillary materials
were investigated aualvtically. Although from the conset

fine mesnh screens appeared to be the most reasonabie, a compara-
tive evaluation of all available capillary materials was
performed. Th's evaluation is discussed in Subsection 4.c of
this section, but the results of the flow loss analysis ar-
presented brie:ly here.

A transfer function, independent of screen properties, was
derived {rom the packed “ed analwvsis for flowthrough screens
ceveloped by Armour and Cannon. Computer analysis of two candi-
date nonscreen materials with bubble point values comparabl- to
fine mesh screens is siown for liquid hvdrogen in Fig. II-1l6

and IL-1..

Tre materials analyvzed werc various grades of Huyck Metals
Company "Feltme+-al," and Bendix Filter Division "Poroplate.”
The figures show that these two candidate materials produce
prescure losses one to two orders cof magnitude higher for the
same {low rates than a representative fine mesh screen. More-
over, these materials ar 7 to 8 times as heavy per square foot*
than screen. rhese data serve to enhance the desirability of
tine mesh screens.

With the exception of the weeping tank councept, all of the
proposed candidate capillary retention/expulsion concepts

rely on some form of communication screen to regulate pressure
differences between adjacent vapor regicns. The communication
screen passively regulates the pressure difference by allowing
vapor to pass through it whenever the difference in pressure

11-27 .
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between the two vapor regions exceeds the bubble point of the
wetted screen.

A number of operational characteristics of communication screens
were investigated exparimentally and analytically. The pressure
loss experienced by pressurant gasses passiug through a communi-
cation screen was investigated by experiment with cryogenic
gases and by computer aaalysis.

When a communication screen first breaks down, it goes from a
fully wetted condition ¢o a partially wetted condition and
eventually, if the pressure equalization event takes long
enough, the screen becomes cowpletely dry. The differences in
pressure loss acress the screen, which these variations in screen
conditions could cause, were investigated. A necessary operat-
ional feature of communication screens is their ability to
rewick or reseal after breakdown. Some knowledge of this re-
sealing mechanism is desirable for the purposes of design and
opera’jonal prediction; therefore resealing of communication
scre:ns was studied in the laboratory using cryogenic fluids.

The significant result obtained by testing communication screens
in cryogens was that pressucant flowing through a wetted screen
will experience pressure losses of no more than 1257 of the
bubble point value of the screen. This result was established
for 1liquid nitrogen, liquid oxygen and liquid hydrogen. This
pressure loss 'value will not be exceeded as long as the screen
through which gas is flowing can be resupplied with liquid so
that it stays wetted. Experimental results and computer pre-
dictions show that once the screen has dried out, the pressure
loss for gaseous flow through a screen is strictly an exponen-
tial function of the flow rate and has no upper bound. One
other noteworthy result of the theoretical analysis was that the
pressure loss due to flow across a screen was not necessarily

a function of mesh size alone. As shown in Fig. II-18,

250x1370 Dutch twill produces a higher pressure drop at the same
flow rate than does 325x2300 Dutch twill.

2) Feedline Considerations - The design of a capillary feedline
is governed by the same relationsnips that are the basis for the
design of any surface tecrnsion device. That is, the pressure
differential across the screen device must never exceed the

bubble point of the screen if gus-free liquid is to be maintained.

Referring to Fig. II-19, th. pressure difference between the
liquid core at Point 1, Point 2, or arvwlere zlong the entire
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length of the feedline and the vapor annulus must always be
less than the bubble point of the screen. In equation form

BP > P~ Py, P =Py P -P [11-9]

Under static conditions, the pressure along the line is constant
and the only consideration is the pressure difference between
Po and P;. During outflow, a pressure differential will exist

throughout the length of the feedline due to frictional flow
losses. Also a decrease in static pressure due to the velocity
head will exist. With these considerations in mind the governing
equation for feedline design in zero-g is

BP > (Po - Pl) + 8P, + AP [11-10]

1 h

where P_. and Pv are the pressure drops &ssocisted with

f1 h
frictional losses and velocity head, respectively.

Should the system be accelerated, :the effect of the acceleration !
head, pgL, must be considered. For any given value of pglL the i
worst condition from a design standpoint would be an acceleration
vector parallel to and in the direction of flow. The term,

pgL, would be additive in the following equationm. 2
BP > (Po - Pl) + 0P, + AP+ pgL [11-11)

Depending on system geometry and basic design criteria, the {
first three terms of the right-hand side of the equation do not
present any significant design problems. Since bubble points
of screens are additive, the required number of screen layers
may be determined to satisfy the equation. If the magnritude of
pgl. 18 comparable to the other terms in the equation, a real-
istic design may still be achieved. However, if the accelera-
tion head is very large, the required number of lzyers of
screen may exclude the capillary system as a practical design
solution.

An acceleration vector opposite the direction of flow would aid
the design because the acceleration head would reduce the effect-
ive press drop in the line. The term pgL would now become nega-
tive in Eq [II-11]. 1If the value of pgl is comparable but smaller
than the other terms in the equation, the pressure gradient

acrogs the screen will be small and easily accommodated to assure
that gas will not enter the liquid core. For a negative value

of tne equation (pgL larger than sum of other terms), liquid

will be pushed into the vapor annulus to a level where equilibrium

4
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is reached. However, gas-free liquid will stil) be available in
the liquid region and system operation will not be impaired.

Equation {1I-11] is the general equation governing the design of
a capillary feedline system where P; is the liquid core pressure
at some point 1. This equation is valid at any distance,?, down-
stream of Point 1. It should be noted that the feedline distance,
£, and acceleration head length, L, may be considerably different
depending on feedline geometry and acceleration direction. When
the equation is applied to a capillary propellant acquisition/
expulsion system (storage tank and feedline), Point 1 is just
before the feedline inlet and the viscous losses in the propellant
acquisition/expulsion device are neglected. The term, Py, is
equal to the tank ullage pressure assuming communication between
the feedline vapor annulus and storage tank.

The value of P, - P} is rconstant for a given storage tank con-
figuration. For a trap and screen liner storage tank system, it
is the sum of the screen liner bubble point and the bubble point
ot the trap communication screen. The term, Ath, represents

frictional flow losses in the feedline due to pipe wall friction,
bends, and other system plumbing. The dynamic pressure, Ath,

accounts for the reduction in inlet static pressure due ro flow.
Thus for a given flow rate, line geometry, and acquisition/expul-
sion device, these terms are constant and the number of screen
layers required depends on the acceleration head term, ogl.

At the inlet to the feedline, the frictional losses (APfl) are

essentially zero and L reduces to the height of the storage tank
device (assuming a positive acceleration vector with respect to
the vehicle). Depending on the relative value of the terms in-
volved, the required layers of screen may be less at the inlet to
the feedline than at the outlet. Consideralble weight savings

as well as simplified fabrication may be realized by designing a
capillary feedline as a function of feedline length. This ap-
proach was used in the feedline designs presented in the following
chapters for the integrated OMS/RCS and Space Tug propulsion
systems.

3) Candidate Concept Outflow Modeling - The basic expression for
determining the local pressure in a capillary system was given

in Eq [II-1]. Any one of the phenomena represented by the respect-
ive terms of that expression can, under certain circuwstances,

be sufficiently large to cause breakdown of the capillary barrier.

11-34
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Normally, however, breakdown will be precipitated by the combined

influence of all the terms.

Several computer models were constructed to predict outflow cap-
abilities of capillary systems. These computer models basically
balance the two sides of Eq [II-1], the variables being the system
geometry, outflow rate, fluid level in the tank, mesh size and
number of the screen layers, and acceleration environment.

Figures 11-20 through I1I1-25 show typical results of these analyses.
In all cases the acceleration vector was assumed to settle pro-
pellant away from the tank cutlet, thereby creating a worst-case
condition.

The curves show results for typical cryogenic Shuttle tanks. The
curve for each respective acceleration level defines the boundary
between the regions where stable outflow is possible and the
region where breakdown will occur. Tn all cases the curves tend
to merge into a single horizontal line near the abscissa. The
intersection of this line with the ordinate defines the fraction
of the tank volume enclosed by the particular screen system and
is, therefore, a measure of expulsion efficiency. A compariscn
of Fig. 1I-20 for the 2.59 m (8.5 ft) LO; dual-screen liner and
Fig. II-24 and II-25 for the 2.59 m (8.5 ft) l6-channel variation
of the div_.l-screen liner concept, illustraces the variations in
outflow capability of these similar systems as determined by
changes in system geometry. These curves also serve to demon-
strate the versatility of these computer programs as tools for
system comparisons and optimization studies.

4) Dynamic System Testing - In addition to the system performance
predictions provided by the computer models, two subscale DSL
systems were tested with noncryogens in the low-grav®ty environ-
ment of the KC-135 aircraft, The qualitative tests Jere designed
as functional tests of the DSL components to evaluate: (1) the
vapor annulus as a pressurization space: (2) the communication
screen as a path for the pressurant between the vapor annulus

and the bulk vapor space; (3) the liquid annulus as an effective
discriminator between vapor and liquid that is able to deliver
gas-free liquid to the outlet. )

The tests successfully demonstrated the soundness of the basic
concepts. Complete gas-free liquid expulsions were accomplished
in the low-g aircraft environment and in minus l-g bench tests
prior to the aircraft tests. Expulsions were completed in times
on the order of 30 seconds. These tests are described in detail
in Volume III of this report.
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Note: 1. Tank, 2.6 m (8.5 ft) dia.
2. Fluid, LO,.
3. Vapor Annulus = 1.27 cm (1/2 in.).
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Fig, II-22 Outflow Capability of a Spherical Weeping Tank with Liquid Oxygen
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Pig. II-23 Outflow Capability of a Spherical Weeping Tank with Liquid Hydrogen

11-39




hggg: li Tank, 2.6 m (8.5 ft) dia. 1
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3. Vapor Annulus = 1.27 cm (1/2 in.).
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In addition to these noncryogenic tests, a siclessful series of
tests was performed with a typical channel design in cryogens.
The design was a full liner and channel system, containing eight
channels in a 63.5-cm (25~in.) spherical design. Test liquids
were LN, and LH;. Detailed discussions of the device and the
test procedures are included in Volume IT11. Tests performed
covered all the operational requirements of an actual in-service
device that could be modeled in a one-g bench test. Tests in-
cluded fill and refill of the device, heat leak evaluation,
liquid outflow with outer annulus pressurization using conden-
sible and noncondensible pressurants, and venting evaluations.
These tests demonstrated the desigi adeguacy of the channel/liner
concept to meet the requirements cf cryogenic storage and feed
systems in low-g environments.

d. Start Trarsient Analysis - The transient condition occurring

' in 2 fluid system by the initiation or termination of flow is an

! important parameter in system pressure load considerations.

’ Pressure pulses caused by the rapid opening or closing of a valve
can be sufficiently large to break down a capillary barrier or
even cause structural damage to the canillary devic. An analy-
sis of this problem was conducted using the parameters of a
typical capillary system.

s e - e e . = g s

Vaen a2 valve at the end of a pipeline filled with static fluid is
, suddenly opened, a decompression wave is generated and transmitted
f down the pipeline, accelerating the fluid toward the valve. The
magnitude of the decompression wave is given by the following
. equation (Ref II-7 and I11-3).

AH = a/g AV [11-12]

where

AH = magnitude of pressuie wave, m (ft) of fluid;
a = fluid sonic velocity, m/sec (ft/sec);
AV = velocity increasc, m/sec (ft/sec);

g = acceleration of gravity.

In terms of pressure, P, the equation, assuming constant density

is
! AP = §3 AV [11-13]

where o = fluid density.
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This equation is applicable when the valve opening time is equal
to or less than the time required for the wave to travel to the
end of the pip.: and back to the valve. That is, the valve open-
ing time is less than the wave transport time according to the
following

t < 2L/a
where t = valve opening time, sec
L = pipe length, m (ft);
a = fluid sonic velocity, m/sec (ft/sec).

1f the valve opening time is greater than 2L/a, the wave front
will have been reflected from the end of the pipe and returned to
the valve before the valve is fully opened. The result is that
the maximum head or pressure difference will not have been
produced.

The effects these pressure surges would have on the fine mesh
screen is not well understood. Because the pressure pulses are
generally of large amplitude but short duration, a nonsteady
flow analysis is required. 1In addition, the porosity of the
screen may allow some relaxation of the pressure pulse by pass-

ing liquid or the screen may absorb some of the pulse energy in
elastic deformation.

A hydiaulic transieut analysis computer program, using the hydro-
dynamic criteria outlined in previous sections, was used to in-
vestigate the problem. The system modeled was a LO, OMS tank

ond feedline system, which presents the more stringent require-
ments of the two propellant systems for this analysis. The
feedline diameter was 10.16 cm (4 in.), tank pressure was

24.1 N/cm? (35 psi) and the steady-state flow rate was 13.16 kg/sec

(29 lbm/sec). The feedline length was 18.28 m (60 ft) and the
valve opening time was assumed to be 0.137 sec. This valve open-~
ing time is based on an analysis (Ref II-9), which defined valve
orening times that would yield linear changes in velocity corre-
sponding to the maximum required mass acceleration levels of the
propellant. These accelerations were 289 kg/sec? (88 lbm/sec?)
for LH, and 227 kg/sec? (500 lbm/sec?) for LO,. A 25.4~cm (10-in.)
diametar 200x1400 fine mesh screen trap was simulated on the tank
bottom. A schematic of this system is shown in Fig. II-26. The
results of the study are shown in Fig. I1-27 through II-29, Fig-
ure II-27 illustrates the pressure transients in tie sy:item that
are associated with the initiation of fluw. PFigure 11-28 shows
the expected system velocities; Fig. II-29 shows that the pressure
differential across the screen trap levels off at approximately
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1.03 N/em? (1.5 psid). 1t should be noted that this screen device
is much smaller than any of the anticipated designs and, there-
fore, experiences pressure losses far in excess of any which
might reasonably be expected in ihe candidate sy: cms.

The results of the analysis indicate that although start trans-
ients must be considered in th= design, the phenomenon does not
appear to be a serious or restrictive design consideration. These
conclusions were substantiated during testins of the noncryogenic
transparent feedline which is detailed in Volume 11I. Dburing
these tests, start transients caused some liquid to drop out of
the feedline screen core.

e. Wicking Analysis - The containment of liquid within a cap-
illary retention device depends on the existence of a stable
liquid meniscus across each capillary pore of the screen. With
cryogenic propellants, heat transfer through the tank wall will
cause a continuous evaporation of liquid from the screen surface.
Wicking of the propellant along the screen must supply enough
liquid to meat this evaporation rate and keep the screen wet.
During pressurization with relatively warm gas, higher evaporation
rates may occur locally. Should the screen dry out under these
evaporation rates, wicking velocities must be high enongh to
rewet the screen in a reasonable length of time.

Previous work (Ref 1I-10, IT-11, II-12) has shown that the wick-
ing velocity in a single layer of screen can be characterized by

c g

where V = wicking velocity

¢ = wicking constant

wicking distance
o = surface tension
p = viscosity

wicking velc~ities in a single layer of screen are quite low. By
comparison, the wicking velocity in a narrow channel can be
several orders of magnitude greater. Such a channel is formed
between a screen and the perforated plate which is often used

for support.

With vaporization occurring either along a wick or at a concen-
trated heat input located some distance away from the reservoir,
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»

- omaardea 3. —



. e enr SRR

an equilibrium is reached in which the capillary forces are
balanced by the frictional and gravitational body forces. If

the frictional losses or the heat load for a wick are sufficiently
nigh, the wick will not wet completely. The distance between

the reservoir and the liquid interface is called the dryout limit.
Although wicking velocities are of interest, dryout limits are
critical to the design of the cryogenic acquisition/expulsion
device. Therefore, an analytical and an experimental program
were undertaken to determine dryout limits of screen and screen-
plate wicks.

The analytical investigation considered both steady-state and
transient wicking phenomena. The analysis produced the ex-
pression for wicking limits

o) h. oK(a + b)
S = J gc f& @
Qu

where S = the dryout limit of the wick, m (ft)
2
K = Q__‘:_i_b____[_ﬁ_, o (ft)
&+ b

e AR AR IR N
T - S I A A v ka5 - o

LR TN

= porcsity of the screen

= thickness of the screen, m (ft)

thickness of the gap between the screen and plate, m (ft)
= heat flux, W/m? (Btu/hr-ft?)

hfg = heat of vaporization, W-sec/kg (Btu/lbm)

o T o
({

viscosity, kg/m~sec (lbm/ft-sec)

=
L}

o = surface tension, Dyne/cm (lbf/ft)
p = density, kg/m® ( bm/ft3)
4p2
a
DBP Aw
Wicking lengths for various screens without perforated plate are
T plotted in Fig. II-30 and II-31. Equation [II-16] is plotted in
r%i- Fig. 11-32 and 1I-33 for liquid hydrogen and liquid oxygen,
L respectively, for various values of screen-plate gap (b) with
3 200x1400 screen. The value b = 0 represents a screen by itself.
Note the significant jump in the dryout limit when plate (sig-
nified by a finite value of b) is added to the screen. This is
due to the relatively large volume of liquid being supplied by
the channel between the screen and plate.

, m (ft)
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The development of Eq [1I-16] assumed a constant velocity 2 ong
the screen. 7. consideration of evaporatiun along the scresn
surface imrlies a velocity gradient along the screen. A com-
puter model was used to more accurately represent the wicking
phenomenon. This program uses finite differences to solve the
heat transfer problem and a method of excess degrees (Ref I1-13)
to model the evaporation. The evaporation rate is then used to
determine the wicking velocity. Figure II-34 shows a plot of

' the liquid/vapor interface location as determined by thic mcdel.

H For the conditions considered, tlz curve approaches a constant

value predicted by Fig. 1I-32.

An experimental prograuw, described in Velume [1I, was conducted
to augment the wicking analysis. The results of these tests
correlated well with analytical predictions, substantiating the.
validity of the analytical model.

On the basis of these tests and analyses, the wicking problem

does not appear to be more than a design consideration and the
wicking limits for fluids of interest do not appear to be restric-
tive.

M M e Ae e w et at i e

2. Thermal and Thermodynamic Effects

-

f The design of any cryogenic acquisition/expulsion system is sig-
! nificantly affected by several thermal and thermedynamic pro-

! cesses. In this study, the thermal and thermodynamic processes
} affecting the design of the DSL system were analyzed to yield
design approaches and guidelines. [Ihe analyses conducted were
primarily in the areas of pressurization and venting. An eval-
uation of the collapse of hydrogen and oxygen vapor bubbles was .
conducted, which included znalytical and experimental investi-
gations. These studies and the computer program used in the
pressurization and venting analyses are presented in the follow-
ing paragraphs.

a. Analytical Model - An analytical model was Joveloped to speci-

! fically analyze the DSL baseline concept. The DSL computer tro-

gram was developed and used extensively under previous studies

(Ref II-14 and II-15) to simulate the performance characteristics

of DSL systems for various cryogenic propellants and mission duty

cycles. Under this program the model was modified, improved, o
and used to predict the pressure and temperature histories of the .
cryogenic storage systems for specific mission duty cycles of the

Space Shuttle Orbiter and the Space Tug.

I1-54
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The analytical model simulates the pressurization and venting
characteristics of the DSL system. The program considers three
concentric compartments divided into five nodes--an outer annulus
vapor volume; a liquid and vapor volume in the bulk region; and
two liquid voluases within the controlled liquid annulus one

sees the gas and the other sees the liquid in the bulk region.
The communication screen is simulated by specifying a screen with
a bubble point less than that of the controiled liquid annulus
screens. This simulation allows for propellant and pressurant
mass transfer between the outer annulus and the bulk regicn.

Briefly, the model can simulate the following operations

1) Tank pressurization in either the vapor annulus or bulk
region with either autogenous or inert gas;

2) Coast periods with external heating and venting, using
several vent control schemes;

3) iiquid outflow, maintaining a specified NPSP and controlled

by a regulator.

The model assumes natural free-convecti~n heat transfer through
the tank and uses the standard hydrodynamic and hydrostatic re-
lationships for predicting pressure drops throughout the system.
Because the hydrostatic head and natural free-convection heat
transfer coefficients are functions of acceleration, the model
simulates a low-g environment by using an acceleration value
near zero. The model will not hardie the diffusion of a two-
component gas mixture in the bulk region. The condensation and
vaporization are assumed to occur at a flat irterface.

The thermodynamic and transport properti=s for the fluids are
calculated from curve fit equations. %.ith the exception of
hydrogen, all the vapors are consi’:.red to be an ideal gas. For
hydrogen, the Redlich-Kwong cyuation of state was used to cal-
culate densities. This equation of state was checxed out for

GH; and was determined to be within 5% of published data for
pressures up to 103.3 Nfcm? (150 psia) and for a temperature range
of 19°K (35°R) to 294°K (530°R). A more detailed description and
discussion of this analytical model is presented in References
I1I-14 and 1I-15.

b. Press.urization System Characteristics - The previous section

briefly described the operating characterististics of the DSL
system during rressurization and liquid expulsion. This section
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presents the important pressurization considerations that affect
the design of a cryogenic acquisition/expulsion system. For the
cryogenic Space Shuttle OMS and the Space Tug, the propulsion
systems are baselined as pump-fed with the exception of the ded-
icated OMS (LO,) system, which could also be a pressure~fed
system. Therefore, the pressurization system considerations were
primarily those associated with a pump-fed system.

For a pump-fed system, the single most important pressurization
system requirement is that of satisfying NPSP as dictated by the
turbopump. This requirement can be met using either an autogenous
gas or helium as the pressurant. Helium pressurant is slightly
more complex, requiring an additional storage tank, valving, and
plumbing. Alsc trade studies have shown that autogenous pressur-
ization has a slight weight advantage over helium. For the in-
tegrated OMS/RCS and the Space Tug, autogenous pressurization

was therefore baselined. 1In these systems, the pressurant cupply
is provided by the gaseous accumulators, which also provide the
propellants for the RCS propulsion system. The gaseous accum-~
ulators are recharged using liyuid from the main propellant tanks;
the liquid is conditioned by the turbopump and heat exchanger
assemblies.

The pressurization characteristics for the preferred DSL concept
are illustrated in Fig. II-35. This curve shows a tank pressure
history for the DSL system during a multiburn and coast duty
cycle. The tank prepressurization occurs between points A and B
and the pressurization and liquid expulsion (burn period) occurs
between points B and C. As previously mentioned, during liquid
expulsion the pressurant gas enters the outer annulus and then
communicates into the bulk liquid via the communication screen.
Following the burn period, the tank pressure drops from point

C to D, which is caused by the warm ullage cooling down. During
the burn and pressure collapse period, there is an increase in

the bulk liquid temperature, illustrated by a corresponding
increase in vapor pressure. This temperature increase is due

to the energy exchange between the warm ullage and the bulk liquid,
point D. Following the completion of a burn and during the press-
ure collapse, the DSL vent system is activated and venting con-
tinues until the next prepressurization period, point E. The
cycle is then repeated.

The curve also shows that the NPSP is satisfied for every hurn
period with the last burn period being the most critical, i.e.,
if NPSP is satisfied in the last burn, it will be satisfied for
all burn periods. This is due to the bulk liquid temperature
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rise being inversely pror rtional to the quantity of liquid
present and, of course. the quantity of liquid is the smallest
during the last outflow period. It is, therefore, important to
predict the tank pressure and bulk liquid temperal.re histories
as functions of pressurant temperature, heat flux, initial com-
ditions, etc, for a representative mission duty cycle.

As previously mentioned, these predictions can be made using the
DSL computer program. In addition, estimates for pressurant use
and pressurdnt mass flow rate are considered important and affect
the system design. The pressurant mass flow rate is important
because it affects the design of the communication screen. The
communication screen surface area must be large enough so that
the pressure drop during pressurization does not exceed the
bubble point of the liquid annulus screens. The pressurant
usage is most important because it affects the size of the pro-
pellant conditioning unit and gaseous accumulator.

e. Stratification Effects - The stratification effects have been
investigated both analytically and experimentally in both l-g

and low-g enviromments during the past few years (Ref I1I-16 and
11-17)., In a l-g environment, the typical vertical stratification
results from heat entering the storage tank through the walls and
penetrations. Buoyant forces establish the convective flow, of the
liquid within the storage tank. This convective flow, which could
be turbulent depending on the magnitude of the heat rates, deposits
warm liquid at the gas/liquid interface. The stratified liquid lay-
er continues to grow as a function of heat flux, type of cryogens,
configuration of storage tank, etc. At the warm gas/liquid inter-
face, vaporization occurs, thus cooling the bulk liquid.

For the same cryogenic propellants in reduced gravity, the free-
convection circulation is significantly reduced. At the same
heat flux, the surface temperature rise will be much faster under
the reduced gravity conditions thar under the l-g enviromment.
The creation of nucleation sites on.or vear the heating surfaces
must be considered. Following nuclea.$Hn,: the vapor bubbles
generated will grow rapidly because of the continued heat addit-
ion and vaporigzation which results. Th.a-creates a condition
that produces high tank pressure rise reztes.

The DSL cryogenic acquisition/expulsion system incorporates
capillary barriers that thermally isolate the bulk liquid from
the heating surfaces, using a complete screen liner. The super-
heating of “he liquid and the inception of nucleation is circum-
vented. The pressure rise within the tank is controlled by
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providing a large gas/liquid interface directly opposite the
heating surfaces and allowing normal vaporization of the liquid
at the screen surfaces. This cools the bulk liquid. The tank
pressure is relieved by venting from the controlled outer gas-
eous volume.

The thermal stratification for the DSL system becomes radial
rather than the vertical orientation of the standard gravity
enviromment. The pressurization of the DSL during expulsion aiso
tends to enhance this condition because the warm pressurant is
introduced in the outer annulus. Under this stratified condit-
ion, the bulk liquid can be passively maintained in a subcooled
condition without the use of mixers or heat exchangers.

d. Vent System Characteristics - Under Contract NAS9-10480

(Ref II-15), analytical trade studies were conducted that idenii-
fied many of the operational claracteristics of the baseline

DSL concept. In particular, a preferred DSL vent system was
selected based on a parametric analysis that considered weight
and thermal performance tradeoffs. During this study, the
analyaes of the previous contract were continued and supplemented
with experiment data.

The preferred vent system is lllustrated in Fig. II1-36 for both
LH; and LH,. Using this vent system, the stratification condi-
tion discussed in the previous section is maintained. The tank
pressure can be controlled while maintaining the bulk liquid in
a sibcooled condition. The tank pressure is controlled by vent-
ing liquid-free vapor from the outer annulus. The outer annulus
pressure is controlled between two levels. The lower pressure
level (when the valve is closed) is approximately the bulk
pressure and the upper pressure limit (when the valve is opened}
is the bulk pressuve plus the bubble point of the communication
screen. The upper limit was established to prevent the communi-
cation of the warm vapors from the outer annulus into the bulk
region, thereby minimizing the energy input to the bulk liquid.

The lower pressure limit corresponds to the pressure required

in the cuter annulus to support the liquid in the bulk regiom.
With a negligible hydrostatic head iu a low-g environment, the
lower limit pressure is approximately the bulk pressure. The

vent band would, therefore, be reduced in an acceleration environ-
wment where the hydrostatic head becomes significant. PFigure II-36
shows the difference in the outer annulus vent bands for LH, and
L0y systems, The vent band for 1.0; 18 much greater than that
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for LH, because of the corresponding differences in the bubble
) points of the communication screens. Also, as expected, the

; vent frequencies between the two systems show the same differ-
3 ences.

S Naram

R
~

The operation of the preferred vent system does not depend on

N the tank pressure. The system is activated following the com-
pletion of an outflow period and its operation is terminated

prior to the prepressurization of the tank for the next out-

flow. The venting system requires a sensor for sensing the press-~
ure differential between the outer annulus and the bulk region.
The sensor operation would be similar to a pressure switch and
will actuate a vent control (solenoid) valve. The desired vent
rate weuld be achieved by orificing the vented gas downstream

of the vent control valve.

B L ]

The parameters most affecting the performance of the DSL vent
system are:

dwr ey cceame %
.

. 1) external heat flux,

M ——

2) outer annulus gap, !

3) pressare drop during venting,

e
At

4) vent rate,
5) valve open time.

The performance of the vent system for a LH, or LO, tank, inde-
pendent of tank size and geometry is presented in Fig. 1I-37. I
The annulus gap, Ar, is presented as a function of the group o
parameter, q6/AP, where q is the external heat flux, AP is the
pressure drop in the outer annulus during a vent cycle, and 6 is
time the vent valve is open. The parameter K is the ratio of the
vent rate to evaporation rate. For hydrogen, the values of K
presented range between 1.1 to 4; for oxygen, a wide range of 1.1
to 20 ia presented.

Befors discussing the performance curve, a more detailed explana-
tion of the critical performance parameters and how they are
estabiished is required. The annulus gap is generally sized by
the initial ullage volume and cases where the initial ullages are
small, force the annulus gap to be small. For the fixed pro-
pellant loaded volumes, the only way to increase the annulus

gap is to incresse the tank volume, which is generally undesirable.




%

emn et e mp ea e AT ST ” pe

e s - - - - -~ -

— — — Hydrogen
Oxygen

N\

\

N

AN
~
AN
1

g

ae/ar, ()

1000

NG L
(=]

gnhq -y
Y T | L ’ | L____ | . 1 3 I
=1 ° -
- o
*u¥ ‘ag

lll

sec
b=

l
100

ae/er, (3245e)

A

)

stios

sec
psi

Pig, II-37 DSL Vent System Perfoymance Char. it

A P vem b e g LRTAE - | PRPRI Spg ve— ALYy [I s

1163




' For missicn duty cycles that use propellants early in the mission,
' the annulus gap can be increased to accommodate the smaller pro-
i pellant volume following these initial burn periods. The larger
the annulus gap, the better the performance of the ven: system.
Increasing the annulus gap increas~s the superheat of the vented

: vapor, thereby reducing the vent vapor mass. Increasing the
; annulus gap also reduces the number of vents required as shown
; in Fig. II-38.

§
4 During low-g the AP terv is a function of the bubble point of the
) communication screen. As mentioned earlier, the communication

¢ screen mesh and size are determined by the design of the liquid
annulus screens.

For a fixed heat flux, the vent valve open time is inversely pro-

! portional to the vent rate and directly proportional to Ar and

AP. Because 6 n2s a direct influence on vent frequency, it is

desirable to have as large a € as possible. Since it is the ratio

of vent rate to evaporation rate, the parameter K is influenced

by several considerations. First, the vaporization rate is, of

course, a function of the heat flux and the propellant. The vent \
rate is determined by considering both the size of the vent ori- .
L fice and the vent frequency. The exi: vent pressure is very near
' vacuum; therefore, the vent orifice sizing considers sonic flow,
which means that the vent rate can be changed only by changing
the orifice size. To avoid plugging, the orifice should be as
large as possible. However, as shown in Fig. II-38, reducing

the vent rate reduces the number of vents; this is also desir-
able. Therefore, a tradeoff between orifice size and number of
vents must be made in order to establish the vent rate.

To further illustrate the performance characteristics of the DSL i
%{-1 vent system, consider a vent system design where the Ar, AP, 6, :
o and vent rate have been established for a specific heat flux, q.
First, assume that the q has doubled, which also doubles the
evaporation rate. This means that unless the initial value of K
was greater than o: equal to two, the vent system will not be
able to control the tank pressure increase resulting from the
incresse in q unless the vent orifice is increased. If the ini~
tial value of q were reduced by one-half, the value of K would
double, but the vent system would still be capable of handling
this change. The only significant effect produced by this change
would be an increase in the vent frequency.

This example illustrates that the preferred vent system is very
sensitive to an increase in q and the design must be capable of
increasing the orifice size. This increase can be accomplished

1(1-64
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by incorporating additional orifices in parallel with Lhe design
orifice. TInitially isolated, the additional orifices would be
activated as required to accommodate an increase in heat flux.
The additional orifices would not be used if a decrease in q
occurred unless the vent frequencies became excessive.

Although fine mesh screen has been the focus for most DSL system
designs, various foraminous materials with higher bubble points
were evaluated to determine their effect on vent system perfor-
mance. Pressure rise and quantity of vapor mass vented are pre-
sented for several bubble points and for both the LO, and LH;
storage systems in Table I1I~1. The 7-day coasting period with
venting (no pressurization or liquid outflow) produced relatively
small pressure increases. This allows the cryogens to be stored
with little increase in temperature despite appreciable external
heating. Venting, as usual, is initiated just before the pressure
differential between the outer annulus and the bulk region would
cause breakdown of the communication screen. Venting was ter=-
minated when pressure differential fell to 0.034 N/cw? (0.05 psi).

LH, cases considered a 63.67 w3 (2250 ft3) sphere with a 3-in.
outer annulus gap and 20% total ullage and a 28.18 m3 995 ft3)
cylinder with hemispherical end domes, 30%Z total ullage, and a
similar gas annulus gap. Heat leak to hoth tanks was 1.57 W/m?
(0.5 Btu/hr-ft2). As the bubble point was increased from

0.048 to 6.89 N/cm? (0.07 to 10.0 psi), the pressure rise at the
end of the seven days also increased. However, venting was less
frequent with the higher bubble point material and the vapor vent-
ed .ad a greater amount of superheat, yielding a smaller mass
vented during the seven-day simulation. The vent rate shown in
the table is the actual vent rate during the vent period. The
seven-day pressure rise and vapor mass vented for the low bubble
point ~ases were extrapolated because the computer interval

needed to maintain such a narrow pressure control band would
require a long and costly computer simulation. The vapor mass
vented at the end of the three~hour period was zero because the
tank was not vented during that interval. The ullage pressures
for the large 6.895 N/cm? (10 psi) tank case, are presented in
Fig. I1-39. The tank was vented about 20 times during the 7-day
migsion. The upper curve shows the amount of liquid in the central
region as a pc.centage of the initial) quantity. The venting sim-
ulation for the ‘arge 0.69 N/cm? (1.0 psi) tank case is shown in
Fig. II-40. Vent frequency is slightly over 1 vent per hour. The
pressure history for the 28.18 w? (995 £t3) LH, tank is shown in
Fig. .II-41.
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Taile Ti-1 Effect of Bublle Point on Venting, Eaterncl Heat Rate 1.57 W/
(0. & Btu/hr-fte)
7-Day Period
Mass of
Vent Rate Pressure Vapor
during Vent, Riseé Vented,
Simulated Cases kg/hr (1bm/hr) | N/em® (psi) [kg (1bm)

Case 1

Case 4

Bubble Point, N/a.? (psi)

Bubble Point, N/cm? (psi)
0.365 (0.53)
0.689 (1.0)
2.41 (3.5)
3.44 (5.0)
0.365 (0.53)

Bubble Point, N/cm? (psi)
1.72 (2.5)
3. % (5.0)

0.048 (0.07) 1.63 (3.6) Constant 170.7 (376) %
0.689 (1.0 1.63 (3.6) 0.579 (0.84)*}1134.4 (296)*
6.89 (10.0) 2.27 (5.0) 4.84 (7.03) 114.8 (253)
Case 2
Bubble Point, N/em? (psi)
6.89 (10) 2.53 (5.57) 6.0 (8.69) 69.5 (153)
Case 3

0.994 (2.19) 0.689 (1.0)* |119.8 (264)*
1.00 (2.21) 0.689 (1.0)* [112.1 (245)*
1.12 (2.47) 2.31 (3.30) 27.2 (60)
No Vent 3.13 (4.54) |No Vent

0.994 (2.19) 0.689 (1.0)* |119.4 (263)*

1.04 (2.29) 1.12 (1.63)* }69.5 (153) *
No Vent 3.15 (4.58) |No Jent

Case 1:

Case 2:

Case 3:

Casc 4:

Hydrogen Spherical Tank, Volume = 63.76 md (2250 £t3); Gas

Annulus = 7.62 cm (3.0 in.); Liquid Annulus = 2.54 em (1.0 in.);

20% Initial Ullage, including 7.5% in Gas Annulus.

Hydrogen Cylindrical Tank with 'iemisphericil End Domes, Volume
= 28.15m (995 it ); Gas Anvulus = 7.62 cn (3.0 in.); Liquid
Annulus = 2.54 cm (1.0 in.); 30% Initial Ullage, including 10%
in Gas Annulus.

Oxygen Spherical Tank, Volume = 14.15 m3 (500 ft3); Liquid An-
nulus = 1.27 cm (0.5 in.); Gas Annulus = 3.81 cm (1.5 in.);
20% Initial Ullage, includiug 7.442 Ullage in Gas Annulus.

Oxygen Spherical Tank, Volume = 14.15 m3 (500 £t3); Liquid An-
nulus = 1.27 cm (0.5 in.); Gas Annulus = 1.27 cm (0.5 in.);
20% Initial Ullage, including 2.4% in Cas Annulus.

%Extrapolated data, based on 3-hr vent period.
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‘he effect of bubble point variation for a 14.i5 m3 (500 ft3)
spherical liquid oxygen tank is shown for gas annulus widths

of 1.27 (0.5 in.) and 3.81 ecm (1.5 in.). The same effect is seen
for the oxygen case, i.e., the prescure rise increased with in-
creasing BP; however, the vapor mass vented decreased., In addi-
tion, it is clear that the venting performance is insensitive to
the vapor annulus gap size for the two sizes considered. It
should also be noted that for bubble points greater than about
2.62 N/cm? (3.8 psi), the tank was nct vepted because the pressure
differential between the bulk ullage and the gas annulus did not
exceed this value during the seven-day period. Although the tank
was not vented, the tank pressure rise was less than 3.44 N/cm?
(5 psi) as shown in Table II-1.

The results of this BP variation study tend to indicate that
venting perform/nce is not a primary factor in selecting the
liner material because satisfactory-performance can be obtained
over the range of bubble points conrsidered. The higher BP mater-
ials do, however, require a less stringent vent control and,
correspondingly, less sophisticated vent control devices. How-
ever, considerations such as wetting of the foraminous material
and welght tradeoffs become more significant with regard to
selecting the foraminous material for the outer liner.

e. Vavpor Bubble Collapse Arclysis - The existence of vapor bubtles
in the controlled liqguid region of a cryogenic propellant acqui-
sition system prior to pressurization may be a problea, depending
on how ioug it takes for these bubbles to collapse after pressur-
ization. This discussion is restricted to the case when no non-
condensible gas (i.e., helium) is present anywhere in the system.
In such a case, a vapor bubble can only exist (in more than a
transitory way) if tli2 surrounding liquid is at the local bo’l-
ing point; that is, the local NPSP is zero. Prior to starting

a pump, the liquid must be pressurized to provide a positive

NPSP, which will cause the bubble to collapse. This section
presents some data on the time it takes for this collapse to occur
as a function of the initial diameter and the applied NPSP.

Several investigations, both theoretical and experimertal, have
been made of vapor bubble collapse in a subcooled liquid. (See
Ref II-18 through I7-21 for & representative sample). The main
emphasis here 1s on those situations where the bubble collapse

rate is controllad, primarily, by heat transfer rather than by

liquid inertis or surface tension. Liquid inertia is importanmt
only for very large AP, and surface tension only for very small
AP or very small bubbles.
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The theoretical analyses are based on calculating the comauction
rate of the latent heat of condensation from the bubble surface
into the liquid. The problem is complicated by the moving
boundary and by the presence of heat convection due to the radial
liquid flow, and the solutions obtained are of a auerical type
or are based on simplifying approximations. Florschetz and

Chao (Ref II-)8) give examples of both types. They give two
solutions based on different simplifying approximations; the
simpler (which also seems to fit the experimental data better)
being expressed as

7 - 1/2
Y 1l TH

where y (nondimencional radius) = r/ro

1,, (nondimensional time) =-% Ja? %Ez
F)

Ja (Jacob number) =

thermal diffusivity of liquid
t = time

<]
]

r = bubble radius
r0 = bubble radius at t = 0
AT = Tsat - Tz

A = latent heat of evaporation

The numerical solutions, which also include the effects of liquid
inertia, are not very useful, because they are difficult to
generalize. They dc, however, tend to foliow the approximate
solutions, with the additior of a slight ascillatory behavior.

Prisnyakov (Ref II-19), by adopting a different set of simpli-
fving approximations, arrives at the equution

y=1-2c¢ \Fﬂ?

)
where the factor ¢ = 1 + 52-(2Ja - 1) is very nearly unity for
L
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most cases of interest. This solution, therefore, gives collapse
times that are essentially four times greater than those of
Eq [1I-17].

Experimental data have been obtained by Hewitt and Parker

(Ref 1I~20), using LN, at 1 g, and by Florschuetz and Chao, using
water and ethanol in a 1.83-m (€-ft) (0.6 sec) zero-g drop
facility. Both of these investigations were sutject to experi-
mental difficulties and exhibit considerable scatter. The LN,
bubbles at 1 g were subject to forced convection while rising in
the liquid. The water and ethanol bubbles always contained

some air, coming from the air dissolved in the liquid, which
slowed the bubble collapse rate in the later stages, and thus
total collapse of these bubbles was never observed. Also, because
of the short zero-g time available in these tests, the initial
bubble motion was never completely arrested ;-ior to initiation
of bubble collapse.

Prisnyakov compares both Eq [II-17} and [II-18] with the above
mentioned LN, data and with some other 1-g water data, and shows
that Eq [I1-18] gives a better fit. This is also the case with
the Florschuetz and Chao ethanol data; however, their water data
tends toward Eq [II-17]. Hewitt and Parker give an empirical
correlation of their LN, data as

v=1- v
1}2 (2.6°R)1~5

where TS = TH (;- AT

This correlating parameter decreases the data scatter signifi-
cantly.

Figure 1I-42 shows the results of applying Eq [II-~18] to two
different degre2s of subcooling, corresponding to 1.37 (2 psi)
and 6.89 N/cm? (10 psi), to LO, and LH,. It should be noted that
the experimental data are all restricted to small bubbles, on the
order of 0.254 cm (0.1 in.) diameter, and extrapolation to much
larger sizes is, therefore, very risky. Florschuetz and Chao
noticed a tendency for larger bubbles with high AP's to exhibit
unstable collapses, in which the bubble ultimately shattered into

. many smaller bubbles.
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These analyses showed a need for additional experimental data,
particularly at low-g and with large bubbles. An experimental
program was, therefore, conducted to further verify the analy-~
tical predictions. The details of these tests are presented in
Volume 1II of this report. The experimental and analytical
results showed generally grod agreement. 1t is, therefore, con-
cluded that hydrogen and oxygen vapor bubbles with diameters of
1-in. or less can be collapsed within a reasonable time period
by pressurizing the tank.

f. Weeping Tank Thermal Analysis - In a cryogenic tank using
the weeping tank cooling system where evaporation of the liquid
occurs in small localized areas distributed over the tank sur-
face and the heat input to the tank wall is more or less uni-
formly distributed, temperature gradients will result from heat
flow within the tank wall. A simplified analysis was performed
to permit estimation of the magnitude of these temperature
gradients,

To simplify the analysis, a few approximations are made. The
thickness and curvature of the tank wall are neglected, and the
cooling spots are assumed to be distributed on equilateral tri-
angles as shown in Fig. II-43. For this geometry, and assuming
uniform heat flux, each cooling spot is surrounded by a hexagonal
adiabatic boundary as shown. Approximating each hexagonal cell
by a circle of equal area, and assuming the circular boundary to
be isothermal, the heat flow becomes purely radial. The result-
ing equation for the steady state {is

d?r 14T  q/A

5;2'+ rar? kt 0

where q/A is the incident heat flux, k is the thermal conduct-
ivity, and t is the thickness of the wall. The derivation of this

equation 1s illustrated in Fig 1II-44. For the adiabatic
boundary condition

a7

= = 0Qatr=a,

the solution is

S e 6]

a 2kt
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Pig. II1-43 Spot Cooling Geometry
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Pig. II-4¢ Simplified Analysis
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or % = Lnp +% a - 0?) {i1-23])
where ¢ = T - T
a
0 q/A a?
o 2kt
= L
= a

This function is plotted inh Fig. II-45.

Values of eo are plotted in Fig. II-46 against "a'" for various

wall thicknesises at a heat flux of 1.57 W/mZ (0.5 Btu/ft?-hr).
The tank wall is assumed to be aluminum with thermal conduct-
ivities of 0.173 and 0.640 W/cm - °K (10 and 37 Btu/ft-hr-°F)
at LH; and LO, temperatures, respectively.

In the above analysis, the heat conduction in the liquid adjacent
to the tank wall is neglected. An order of magnitude estimate

of the resulting error can be cbtained from the ratio of the wall
thermal conductivity to that of the liquid. For LH;, this ratio
is 150 and for LO, it is 465. The thickness of a liquid layer

of the same thermal resistance as a 0.101 cm (0.040 in.) thick
tank wall is, therefore, 15.24 cm (6 in.) for LH; and 47 cm

(18.5 in.) for LOy. The effect of liqu’d conduction would be
appreciable for cooling spot spacings that avre large compared
with these dimensions.

As an example of the use of these data, consider an aluminum

LO, tank of 0.i01 cm (0.04 in.) wall thickness and a cooling spot
specing of 30.48 cm (1 ft). The radius, a, of the equivalent
circle is then 16.03 cm ().526 ft) and, for a heat flux of

1.57 W/w? (0.5 Btu ft2-hr), Fig 1I-46 gives a eo.of 255.67 °K

(0.56°F). Arbittérily assignirz a maximum temperature difference
of 254.25 °K (-2°F), gives e/eo = -3.58 and Fig. II-45 shows that

the minimum r/a is approximately 0.017, so that L 0.274 cm

(0.009 ft) or 2.74 mm (0.11 in.). This means that each cooling
spot must be 5.48 ma (0.22 in.) diameter. If porous plugs are
used to control the bleed rate in such a way that evaporation is
completed withiu the plug, then the plug diameter must equal
this value. '
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g | The tank wall area associatcd with each spot is 7a? = 8.08 x 107 m?
; (0.87 £t2), so the cooling load is 458.6 W (0.435 Btu/hr). This

: i gives a bleed rate of 2.15 x 10 3 kg/hr (4.75 x 10 3 1bm/hr) for

‘ each plug. The necessary length and porosity of the plug can then

' be determined for any desired pressure drop.

3. Structural Considerations

One of the attractive features of capillary propellant management
systems is their potential for extremely lightweight construction.
To take maximum advantage of this potential, a number of anclyt-~
ical and experimental investigations were undertaken to determine
the structural characteristics of sc-eens and proposed structural
support techniques and to perfect techniques for system fabric-
ation. The information evolving from these studies was success-
fully applied to several hardware articles during the course of
the study.

PETIN vk 3 g e A Wt Sre e ae oy o

With the exception of the weeping tank concept, all »f the pro-
posed candidate systems are designed so that a pressure gradient
exists that causes a collapsing force to be exerted on the
capillary device. This external buckling pressure is determined
by the bubble point capability of the capillary media employed.
This pressure woul . normally be that sustainable by the communi-
cation screen, which is designed to break down before any other
part of the system. The first structural consideration must,
therefore, Le that the systen maintain siructural integrity under

these types of lqus.

—n e b s et o e 4 ot et ae « wee o o

The pressure bearing surfaces of the capillarv systems are also

subject to the intermittent pressure cycling due to pressurization -
and venting operations. These cyclic pressure excursions affect

cyclic screen deflections having the :ciential for causing screen

fatigue failure. The presence of & ~oss:ble intermittent vibra-

tion environment associated with propuicion system firings

suggests an additional potential ca.:is of atvu...ral fatigue.

These considera. ions must 8lso be eva'uated ir the design of

capillary syetems.

The requirement that the acquisition’expuicion systems be flignt
hardvare ‘mplies that the svstem waijht ve the minimum consistent
with accepted design practices and rission requirements. Poten-
tials for system weight reductions oxist when fine mesh screen can
be employed withcut the necessity of additional structural support
over the entire screen surface. But to effect this type of design,
veliable predictions of screen stress/strain characteristics are

required.

11-80 -
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Information necessary in e i1luating these technical areas was
produced under several study efforts including--(1l) computer
analyses and specimen tests of polyspherical support structures;
(2) unsupported screen structural characteristics tests and
analyses; (3) cyclic pressure-induced screen structural fatigue

tests; and (4) fabrication and cleaning techniques of capillary
structures.

a. Polysphere Support Structurc - In the past, capillary devices
have been fabricated by one of two metheds-~{(1) by pleating the
screen to provide additional strength, or (2) by attaching the
screen to a structural member, generally perforated plate. For
the screen device to conform to the contours of a tank intericr,
especially a dome area, the screen must be formed into a compound
curvature. This has been accomplished on a small scale with
pleating as shown in Fig. II-47. Forming singly-curved surfaces
presents fewer fabrication problems and this technique seems more
feasible for very large tanks-~typically, those tank: envisioned
for Space Shuttle and Space Tug. A convenicnt method for approx-
imating the compound curved surfaces of tank domes with singly

curved surfaces is to use gore sections of screen and perforated
plate formed into a polysphere.

The DSL and its variations present at least two problems for which
polysphere configu-ations may offer solutions. The first of

these is the necessity of providing capillary liners that are
lightweight and can withstand an external application of pressure
approximately equal to their bubble point. Secorilv, this barrier
must be made, an nearly as practical, to conform to the geome.ry
of the enclosing tank. Generally, propellant tanks will be of
spherical or hemisphere/cylinder configuration hecause of their
favorable volume to welght ratios. Therefore, capillary barriers
mu3t also have hemispherical shapes.

Forming hemispherical shapes from flat stock is rat an unusual

or new technology and can be done by drawing or spinning. How-
ever, the additional requirement '.» form these shapes of porous
material such as perforated plate wmakes these routine forming
operations very difficult. Spincraft, a vendor of spun domes,
indicated that any attempt to form domes of perforated plate
stock would result in the developument of cracks between the holes.
Moveover, aside from pleating, no techniques have been success-

fully developed for forming compound curvatures from fine mesh
screen,
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It is physicaily pecssibie to form a compound curvature of f{ine
mesh screen; howcver, the bubble point is generally degraded so
that the screens are no longer capable of maintaining adequate
hydrostatic heads.

A corputer analysis and a test program were conducted on the
octnsphere (se- Fig. 11-48.), an eigiht-sided member of the poly-
sp: «x¢ family The computer analysis was executed for octo-
spheses of typical tank sizes to determine the applicability of
this (echnique to flightweight systems.

The octosphere is a member of a class of shell-type structure
called polygonal domes. .. polygonal dome consists of a number
of cylindrical sectors joined in such a manner that horizontal
sections lie along the generators of the cylindrical sectors and
form a regular polygon. They are transversely loaded and, due
to the abrupt curvature change at the sector intersectiorns, are
generally supported at these intersections by ribs and along their
base by a foot ring. If the top of the dome is open, another ring
is usually provided at the top. The ribs essentially carry only
axial forces and the rings are required for shear and bending.

If the tangent to the sectors is perpendicular to the base, there
are no bending moments in the plane of the ring, only transverse
to the plane.

*

Garth Frame
Stainless Steel

325x2300 Stainless
Steel Screen

Perforated Stainless
Steel

Fig. II-48 Octosphere (apillary Screen Structure
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The state of stress is essentially that for a membrane. The
strasses in the structure are determinabie from statics alone,

as long as the loading is symmetric. Examples of symmetric load-
ings ave vertical inertia loads including weight and external
pressure loading. Once the stresses are known, the deformation
can be obtained oy numerical integration. For nonsymmetrical
loadings, approximations are required but the analysis is similar.

Para~etric analyses were conducted to evaluate the effect of
symmetrical loads, due primarily to different pressure differences
across the capillary material, and critical design parameters

such as material thickness, percent open area, size, and number

of supporting ribs. Trade studies yielding structural weight as
a function of critical buckling pressure loading (the bubtle
point of the screen) are presented in Fig. 1I-49 through II-51.

The test program involved fabricating a small octosphere, sub-
jecting it to a buckling load, and measuring the deflection at
various points on the octosphere surface over a range of pressure
loads. Two octosphere shells were fabricatad, one of 0.635 mm
(0.025 in,) thick stainless steel perforated plate and one of
0.395 mn (0.0156 in.) thick stainless steel perforated plate. The
tests were conduxted to determine the structural adequacy of the
configuration and to evaluate the fabrication techniques for both
the shell structure and the screen cover. The shells were sealed
with a plastic material so that a vacuum could be drawn on the
inside. The results of the tests showed that both the deflection
measurements and the ultimate failure load agreed well with the
predictions of the anmalytical computer model. The tests verified
the adequacy of the technique and, as a result, a dodecasphere

(12 sides) was selected as the configuration for the 1.77m (70 in.)
diameter channel/liner tabrication program. Details of both

test programs are presented in Volume III of this report.

Despite Lae positive results of this effort it should be noted
that the results presented in the screen structural character-
istics gection indicate that a construction method using un-
supported ecreen is also feasible. The equal applicability of
the two fabrication concepts emphasizes the advisability of
conducting crmparative studies of the two techniques for each
design, for which both can be considered. Since weight minimi-
zation is a crucial factor for flight designs, these weight
comparisons would be required to help select the lowest weight
fabrication technique for each application.
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b. Unsupported Screen Characteristics - The use of screen un-
supported by perforated plate offers the opportunitr for light~
weight capillary device construction. Since lightweight con~
struction and weight savings are a prime concern in the design of
flight articles, a coordinated analysis and testing program was
performed to establish design criteria and predict performance
characteristics of unsupported screen.

Empirical results were incorporated into the analytical treatment
of screen structural characteristics. The test rasults and a
discussion of the test program appear in Volume ITI. Analyses
were performed for both civrcular and rectangular screen sections.
Using the Rayleigh-Ritz calculus of variations method, equations
for maximum deflections and maximum stress were derived. Maximum
screen deflection obeys the following dependencies on pressure
load and screen segment size and shape for circular segments:

1/3
APRY
Wc 0.815 (—T(-—) [11-24]

where wo = maximum screen deflections, cm (in.)

pressure differential, N/ecm? (1bf/in.2)

circular radius, cm (in.)

AP
R

K = screen constant, N/cm? (1bf/in.)

L]

For rectangular screen segments, deflection is determined by

1/3
AP b ) [11-25]

W = 0.452 (—-1,--—K @ T D

where b = long side of rectangle, cm (in.),

o = ratio of long to short side of rectangle, a = b/a.
K factors for the screens tested are
1) 325x2300 stainless steel, 18,738 N/em (10,700 1bf/in.);
2) 250x1370 stainless steel, 23,082 N/em (;3,180 1bf/in.);
3) 200x1400 stainless steel, 45,533 N/cm (26,000 1bf/in.);

4) 200x140¢ aluminum, 13,958 N/cm (7,970 1bf/in.).
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The deflection dependencies are only valid up to a transition
point, which is defined as the point where maximum stress in the
screen segment exceeds an experimentally determined critical
stress. For a circular screen segment

£ot = 0.281 (x ap2R2)Y/3

»;
]

max

where Nmax maximum stress, N/cm? (1bf/in.?),

£ = cross-sectional area ratio term,

o = critical stress for individual screens, N/cm?
(1bf/in.2),

t = screcn thickness, cm (in.).

For a rectangular section of screen

K AP2%b2 ]1/3

Nmax = ot = 0.582 [_(?TTI—)? [11—27]

The values of £ and ¢ are

£ g
325x2300 stainless steel 0.351 16,548 N/em? (24,000 psi)
250x1370 stainless steel  0.362 18,134 N/cm? (26,300 psi)
200x1400 stainless steel 0.352 7,171 N/cm? (10,400 psi)
200x1400 aluminum 0.354 2,378 N/cm? (4,900 psi)

Plots of screen size as a function of critical stress pressure :
are shown in Fig. II-52. These curves are used by assuming the

critical pressure is the bubble point of the screen and determin-

ing the maximum screen size from the curve at that pressure

value.

Figure II~52 can be used to find either the maximum screen seg-
went size that can safely support a specific pressure, or in-
versely, the maximum pressuare that a specific screen segment can
support without failure. For the first case, assume, for example,
a pressure differential of 2.06 N/cm? (psi). Read the proper
shape curve for the corresponding universal radius or short span.
For a rectangular screen with an aspect ratio of a = 0.7 the
corresponding value of bu would be 1.04 cm (0.41 in.). From the

PRS-
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criteria for rectangular screens included on the figure, bu of

1.04 em (0.41 in.) would mean a screen dimension of 2.78x5.41 cm
(1.49x2.13 in.) is the largest 250x1370 screen that could support
2.06 N/cm? (3 psid) without exceeding the critical stress.

Inversely, to find the maximum pressure a 25.4-cm (10-in.) diameter
screen circle could safely support, first determine the corre-
sponding universal critical radius. From the formula listed for
325%2300 stainless steel scrz2en, this would be 2.31 em (0.91 in.).
Using the curve for a = 0, the corresponding maximum AP for

Ru = 2.31 cm (0.91 in.) would be approximately 0.744 N/cm?

(1.08 psid).

Basically, the results of this analysis show that fine mesh
screens offer considerable structural strength when uniformly
loaded as flat screen segments. However, screen offers essent-
ially no strength when loaded in a buckling mode. The upper
design limit can be determined and is a predictible function of
pressure differential raised to the one-third power

[wo = K AP1/3].

c. Cyelic Pressure-Induced Screen Structural Fatigue - The re-
peated pressurization and venting cycles experienced by the
screen device in an operational system subject the unsupported
screens to a cyclical pressure loading. Structured materials
which undergo repeated or cyclic loads are sutject to fatigue
failures. Therefore, a test was conducted to investigate the
structural characteristics or screens undergoing repeated pressure
loading. The pressure difference across the screen during the
cycling events was maintained at a level below the pressure that
corresponded to the transition point.

A screen sample lcoaded over 100,000 times at intervals of from
14 to 20 seconds showed no degradation of bubble point when it i
was checked at the conclusion of the test. Moreover, the maximum

deflection of the pressurized screen did not change during the :
test and no permanent strain was observable. From the results :
o’ these tests, we concluded that screen structural fatigue is :
not a serious design problem and that attention to other failure

modes in design criteria will ensure the adequacy of screen to

resist fatigue.
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d. Fabrication and Cleaning Techniques

1) Fabrication Techniques - Fabrication and cleaning techniques
are presented briefly to complete the discussion of structural
considerations for screen devices. This section represents only
a summary of the details and results presented in Volume III of
this report.

Fabrication and assembly techniques for successful manufacture of
capillary screen devices (especlally large davices) were investi-~
gated and verified during this study. The investigations included
basic forming and joining techniques, assembly methods, and
quality assurance and control procedures. These methods were
tested and refined during the fabricatior of two complete cryo-
genic s-quisition/expulsion systems. A 63.5-cm (25-in.) channel
and liner test article was designed and fabricated under this
ccatract for liquid hydrogen zervice and a 177.8-cm (70-in.)
scr2en liner and channel model was designed and fabricated under
an IR&D program.

Under both contractural and IR&D programs, Martin Marietta aas
pioneered the technology of screen system fabrication. 1In
assembling a screen system, two joining methods are possible—-
screen joined to screen or screen joined to some structura.
member, such as perforated plate. Satisfactory methods hsve been
developed by Martin Marietta to effect these kinds of joints by
either welding or brazing. During the course of this study, two
additionai methods of joining and repairing screens were investi-
gated under an IR&D program (see Vol III, Chap. LV).

The first of these methods was a spray metal overlay technique.
With this process, high velocity molten metal particles are
sprayed by a special gun over the faying surfaces of two sheets
of metal. Three types of metal overlays were tested--copper,
monel, and aluminum. They were used to join stainless steel
screen to stainless steel structure, stainless steel screen to
aluminum structure, aluminum screen to stainless steel structure,
and aluminum screen to sluminum structure. Acceptable bonds were
achieved with all of these combinations. The fabrication samples
showed no degradation of the screen bubble point.

Unsupported screen samples, which were attached to test structures

by spray-metal applications, were tested by pressurizing to rupture.

Generally, the failure occurred in the spray-metal bond rather
than in the screen itself. However, these failures occurred at
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relatively high pressures, 20.6 to 34.4 N/cm” (30 to 50 psid),
which are far beyond any pressure currently envisioned in even
the most severe operating ranges of screen devices. Spray-metal
application was selected as one of the methods used for fabri-
cating the 25.4~cm (10-in.) screen device.

Silver solder was also tested as a joining candidate. Stainless
steel screen was joined to a stainless steel structire using

zinc silver solder. A high quality bond was achieved which did
not degrade the screen capillary retention capability and which
functioned well in cryogens. Although this joining technique
also shows promise in screen system fabrication, there is a
potential disadvantage associated with its incompatibility with
liquid oxygen. This technique was the basic method for attaching
the screens to the supporting structure of the 63.5-cm (25-in.)
diameter liquid hydrogen test model.

The majoricy of screen attachments performed in fabrication of
the 177.8-cm (70-in.) diameter screen liner were welds. Resis-
tance welding has been particularly successful in joining one
fine mesh screer to arather and to supporting structures. During
fabrication of 177.8-c:. (70-in.) liner, an automated process was
developed for attachiny large screen segments to the support
structure using a resistance seam welder controlled by a photo-
electric pattern follower.

It should be emphasized here that welding is considered the
superior method for joining screens. Other successful metheds
are considered only as alternate joining methods or as tech-
niques for repairing screens.

Techniques and facilities were developed for testing the bubble
point of the large snreen surfaces cfter they were welded to the
perforated plate structural member. There are 24 of these gore
gsections in the 177.8-cm (70-in.) liner. Testing must be done
after each manufacturing process to assure that the process has
not degraded the screen bubble point. In addition, the weld or
other joint must be leaktight. Special fixtures and procedures
were tested and verified to satisfy this objective. Procedures
were also developed and tested to assure the integrity of the
completed assembly. Tests verified that an entire assembled
hemisphere could be bubble point tested by flowing an alcohol
film across the screen.
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Special fixtures and procedures were implemented for the process
of joining the individual gore sections into a hemisphere. Lip
welding proved to be the best method and was used to make all
closure welds on the device. The closure process, as well as
the screen welding process, was automated.

2) Penetration Design - The design of any capillary propellant
management system requires penetration of the capillary barrier
one or more times to provide for the feedline, pressurization and
d vent lines, pressure taps, and instrumentation wiring. There

. are advantages to being able to penetrate the screen barrier at

t will without any requirement of predetermined location. Such
pene:rations generally must exclude welding or brazing because
they are difficult to implement z2fter assembly of the screen/
perforated plate laminate. Welded penetration methods were used
‘ successfully when they had been inciuded in the screen system

} design prior to fabrication. The added ability to effect screen
s penetrations without elaborate preplanning can greatly enhance
the fiexibilii s of capillary systems. An additional feature of
these types of mechanical penetrations is their ability to accom-
modate dissimilar materials, such as an aluminum tank wall pene-
trated by a stainless steel feedline.

A test program was implemented to evaluate mechanical penetration
designs. Three basic types of penetrations were evaluated: (1)
a pressed-type design (shown in Fig. II-53) where the parts were
forced together with a hydraulic press; (2) a screw-type (shown
. in Fig. II-54) which is torqued t.gether; and (3) a riveted type
L - (also shown in Fig. II-54). Each of these devices featured a
copper compression gasket, which was seated into the stainless
steel screen to effect a proper seal. Aluminum paskets were used
with aluminum screens.

T v raan s ey s gy ¢

Tests were conducted after fabrication of the penetration to
determine if the bubble point of the screen had been degraded by
the fabricarion process or if the penetration assembly itself
leaked gas pefore the surrounding screen buoke down. The samples
were also immersed in liquid nitrogen and then rechecked by bubble
point test to evaluate any leaks that might have developed.

ot v % A ———— 2 ————

The veaults of the testing, discussed in detail in Volume III,
showed .0 significant change in the screen bubble peint when
compared with the "as received" screen after fabrication and
after each cryogenic exposure. All three types of mechanical
penetrations appear to be candidates for application with pene-
trating tubes in the 0.635 to 7.62 cm (1/4 in. to 3-in.) range
g that was tested.
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3} Jleaniag loz2iiigues - Martin Maiieita has goined conciderable
experience in cleaning and nandling fine mesh screen systems for
propellant management applications. Experience has shown that

the cleaning and handling requirements are strongly influenced by
the nature of the test liquid or propellant, the construction,
materials, and the complexity of the s, stem hardware. The in-
clusion of fine mesh screen in the system doe< not significantly
complicate cleaning or handling techniques. Also, cleaning
methods do affect screen performarce. Vapor degreasing, ultra-
sonic cleaning, normal chemical procedures, high temperature
vacuum annealing, and chemical cleaning followed by vacuum anneal-
ing have all been used successfully. The last three tec.aniques
listec have been used successfully to clean fine mesh screen for
service in liquid fluorine. Based on previous work (Ref II-22),
no problems in cleaning the screen systems are anticipated.

Configuration and Size

The final technical areas affecting system designs concern the
basic question of the gross physical characteristics of cryogenic
propellant acquisition/expulsion systems. The size of a pro-
pellant system has significant effect on the particular design
details and the functional characteristics of the capillary system
included for propellant management. Therefore, tha topics of
configuration and size are closely interrelated.

a. Ome Tank vs “wo Tanks - The impact of various envircnmental
parameters on the choice of tank size was investigated. The
basic environmental constraint or Shuttle mission parameter that
affects tank size is the acceleration spectrum in which the tsnk
containing a screen device must function. For the cryogenic
Shuttle studiea, the hydrogen system could include tankage com-
prising a single 4.72-m (15.5-ft) diameter spynerical LH; tank

or two 3.81-m (12.5-ft) diameter spherical LH, tanks. It is
obvious from the hydrostatic considerations discussed earlier
that two screen devices fabricated of the same mesh screen would
have different hydrostatic head capabilities in the two differ-
ent tank sizes. The ratio of the maximum acceleratien level, in
which each cculd operate, would compa-e as the inverse of the
ratios of the tank diameters. Therefore, the smaller tanks could
operate in a higher acceleration environmeut. This fact alone
would tend to make a two-tank system a more desirable design.

To further substantiate this argument, computer analyses were

performed on both the one-tank and two-tank coarigurations to
determine the effect of tank size on outflow capability. The
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results (Fig. IT-55 and I1I-56) show that although the larger tank
does exhibit slightly more prupeliant delivery capability at
zero-g, it is not twice the capability of the smaller tank; and
the smaller tank only contains half the volume of the larger.
Moreover, as the acceleration level increases, the outflow cap-
ability for each of the two smaller tanks quickly overtakes thatl
of the larger tank, and as expected, continues after the larger
tank capiliary device has broken down. These results heavily
favor the two-tank system. Therefcre, the two-tank ccncept was
assumed in all further considerations of the study.

E. Parallel vs Series Tankage - Assuming that the lcng-term
cryogenic storage system for the Shuttle Orbiter consisted of
; : two separate tanks per propellant, additional configuration defin-
: ition studies were required. Propellant can be emptied from two
or more tanks either by simultaneously draining all tanks at
once into a common manifold of a parallel feed system, or ty cas-~
. . cading all tanks through a single outlet in a series feed system.
: ‘ The differences between these parallel and series feed systems
that could significantly affect the propellant acquisition
system were evaluated.

The comparison criteris used were--relative complexity, perfor-
mance or weight, and technology cost or risk. Complexity is
related to reliability and was evaluated qualitatively by the
number of components required and the relative simplicity of
operation. Maximum performance was assumed to be indi -ted by
minimum weight. Technology cost or risk was evaluated qualita-
tively for each new or unproven concept.

Three systems were considered in the study: (1) parallel feed
systems; (2) series-start tank systems; and (3) series-common
systems. These systems were all analyzed with fail operational/
fail safe criteria, which imply triple redundancy.

The parallel system concept considered was a sequenced drain of
two separcte tank systems as shown in Fig. II-57. A schematic

of the series/start tank concept is shown in Fig. I1-58. The
start tank concept implies that Tank 2 is always available for
supplying the subsystems, with refill possible at convenient times
from Tank 1. The series-common concept, shown in Fig. II-59,
utilizes the unique features of the multiple screen liner concept
by coupling both tanks functionally into a simple common system.
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The results of the comparison studies are summarized in Tables
1I-2 through II-4. The comparisons were made on the basis of
complexity, weight, and technical risk. A recirculation feedline
concept was assumed to be representative of the plumbing and con-
trol complexity required for this function. Two separate pressur-
ant gas systems were assumed for the series-start tank concept
(Fig. II-58) to minimize helium usage and to maximize complexity
in this comparison. Helium pressurant alone could be used for both
tanks, but considerable development on the potential pressure
collapse in Tank 2 would be required before autogenous pressur-
ant gas could be recommended for both tanks.
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The complexity comparison is shown in Table 1I-2. The total num-
ber of active elements in these systems is lowest for the series
common concept and highest for the sequenced-parallel feed systems.

The weight performance comparison appears in Table II-3. The
totals of the weights also show a clear preference for the series
concepts. Technology cost/risk comparisons are shown in Table

E II-4 witn assessments of the subsystems indicated.
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e ey el e

The results of this study do not collectively favor parallel feed
] systems for on-orbit cryogenic propulsion systems. Series systems

provide less complexity and lower weight with little discrimin~
ation in technical risk.

¢. Foraminous Materials Survey - Suppliers were surveyed to ‘
identify candidate capillary materials for use in device fabri-~ '
cation. In all, nine different materials were evaluated. Although
there are considerably more than nine capillary materials com- -
mercially available, many were immediately eliminated (e.g., they

were not compatible with the propellants of interest). Ten prop-

F‘ erties were evaluated for each candidate and each property was

i . assigned a rating according to the following criteria. ,
é} Property Rating Factor, r !
1 Unicceptable; not usable without major design com- 3
promise and associated performance penalty. %
} - ' 2 Poor; significant design compromise required with §
' some penalty. 3
! ,;
3 Fair; moderate design compromise and little penalty. 3
4 Good; little design provision and no penaltles. ;
!
H
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Table II-2 Complexity Comparison

SEQUENCED SERIES~START SERIES-COMMON
ACTIVE COMPONENTS PARALLEL TANKS TANKS

Mech Elec Mech Elec_ Mech Elec
Valves 110 440 89 356 57 228
Check Valves 9 36 3 12 6 24
Filters - - 3 - 3 -
Pressure Regulators 3 12 3 iz 3 12
Pressure Sensors 6 24 6 24 3 12
Low Level Sensors 6 24 3 12 3 12
Ground Fill Level 1 4 1 4 1 4
Totals 138 540 108 420 76 292

Table II-3 Weight and Performance Comparison

Tetal, (Two Fropallants)

621 (1368,

3%0.6 (816)

COMPONENT SEQUENCED PARALLEL SERIES~START TANK SERIES-COMMON TANK
Qty. uize kg (1bm) Qty. Size kg (lbw) Qiy. Size kg (lbm)
Valvés and Check Valves,
One Propellant
Feedline 27, - 10.1 cm 98.1 (216) 27, -10.lecm 98.1 (216) | 27, =~ 10.1 cm 98.1 (216)
(4 in.) dia (4 in.) dia (4 1n.) dia
18, - 7.62 cm 49.0 (108)
(3 in.) dia
Preasure Vent 45, - 7.62 cm 122.6 (270) 21, = 7.02 cm 73.6 (162) 18, - 7.62 en 49.0 (103>
{3 in.) dia {3 in.) dia (3 in,) dla
Recirculation System 18, =~ 5.08 ca 40.9 “90) 6, - 5.08 cm 13.7 (30) 12, - 5.08 o 27,3 (60)
(2 1n.) d1a (2 in.) dta (2.0 in.) d.a

348.8 (748

Vacuun Fecdline,
Pressurant, line dumps,
e

L

0;

2

Residusls, Liquid
By
LF

Total

15.8 » (52 £r),

7.62 cm (3 in.) dis
11.3 m (37 *2),

6.35 cm (2.5 in.) dia

3%, 4810 kg {106,000 ibm)
3%, 18,500 kg {40,700 lbm)

212.4 (468)

369.5 (814)

145,23 (320)
553.8 (1230)

1902  (4180)

12.2 m (40 fr),

7.62 em (3 1n.) d1s
12.2 (40 f¢),

6.35 cm (2.5 in.) dis

3X, 2405 kg (5330 1bw)
3%, 9250 kg (20,350 1bm)

127.1 (289)
74.6 (160)

72.6 (160)
276.0 (610)

938.9 (2026&

12.2 m (40 f2),

.67 ca (I 1n.) dia
12.2 » {40 f1),

6.35 ¢cm (2.5 in.) dta

37, 2405 kg (3330 lbm)
3x, 9250 kg (20,350 1ba)

127.1 (280}

72.6 (160)

72.6 (lo0)
276.0 (610)

§79.1 (1958)

Table II-4 Technology Coet/Risk Comparison

SYSTEM SEQUENCED PARALLEL | SERIES-START TANK | SERIES-COMMON TANK
Acquisition-Expulsion Minimal Minimal Backflow
Pressurization Minimal Low Risk Receiver Collapse
Pressurant Systems One Two One

Low-Level Gaging Crucial Minimal Minimal

Feedline Conditioning Crucial Minimal Minimal
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Excellent; no design compromise, provision, or
penalty.

Each property was also assigned a weighting factor based on its
importance to the system design.

Weighting Factors, w

5 1 Noncritical; even where r = 1, could be tolerated
i in the system.
?
} 2 Semicritical; unacceptable to poor (r = 1 or 2)
; characteristics could not be tolerated inm the
¢ system.
3
3 Critical; characteristics must be fair to excel-

lent (r = 3 to 5) in order to be usable.

The properties and their weight factors are l7sted below

P

: Property - Factor, w

a) bubble point ] 3.0

b) gross weight 2.5

¢) volume 2.0

d) compatibility 3.0

e) formability 2.0

f) Jjoining 2.0

g) cleanability 1.5

h) durability 2.0

i) wicking 2.0

j) cost 1.0

Each of the nine materials selected had at least one outstanding
attribute that warranted evaluation. These materials are dis-

cussed in the following paragraphs.
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1) Steel Screen - This material has been used more often than
any of the others because it rates high in most of the critical
areas. Despite only a moderate bubble point and no inherent
bending strength, ic is the most promising material in this study.

2) Polyester Screen - Inexpensive and light in weight, this
material might find application in scme other system. Low bubble
point and incompatibility rule it out in this study.

3) Porous Ceramic ~ A very high bubble poinc and basic inertness
make this material attractive. Its chief disadvantages are
weight and fabrication difficulty.

4) Sintered Fibe» - This is a promising material in most re-
spects, although weight and volumetric efficiency could be a
problem.

§) Laminate - Strength and durability are favorable factors for
screen laminates. Bubble points were lower than expected and
weight is a definite problem.

6) Perforated Plate - Although this material has no appreciable
bubble print, it has been used with good results as a struct-
ural backup for other capillary candidates.

?) Metal Foam - This material produces good bubble points and
has good strength. However, it is heavy and difficult to form.

8) Porous Tefloi: - This relatively new material is lightweight
and has a moderate bubble point. Fabrication and wicking are
problem areas.

9) Fleetroformed Mesh - This material has good weight and join-
ing properties, but low bubble points and poor wicking.

The overall rating factor, R, for each material is obtained from

R &= =
max

where r is the property rating factor,
w is the weighting facter,

Rmax is the maximum possible rating o. 105.
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The results of the survey are shown in Table II-5, The rating
factors are shown in the lower right corner of each matrix ele-
ment and the weighting factors are shown at the top of each
column (where applicable). The last column of the matrix lists
the overall rating factors for each material.

The matrix shows that woven steel screen is the best material
choice, but it possibly needs scme structural backup. The second
high>st rating was scored by perforated plate. Although it was
regarded unacceptable because of its low bubble point, other
characteristics were rated high enough to result in a high over-
all mark. Bascd on this survey, stainless stee. woven screens
backed with stainless steel perforated-plate were used as the
primary construction material.
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RESULTS AND CONCLUSLONS

The irvestigations discussed in this chapter form 'he basis for
the three specific acquisition/expulsion system desigin studies
presented in Chap. 1LI, IV, and V. The general investigations
described here can be applied to any cryogenic acquisition/ex-—
pulsion system design. The five systems idertified in this
chapter have characteristics that :an satis{y varied mission re-
quirements and design criteria. In general, the systems are
variations of the basic DSL rryogenic storage concept. The
passive cuaracteristics of this concept make it one of the most
desirable approaches for the long-term storage of cry- gens in
space.

Four of the five cendidate storage systems are identical in their
vonting characteristics. Their expulsion characteristics differ
slightly. These four systems are the basic DSL, ' ¢ channel/
liner, the trap/linoer and the ESL. 7he different expulsion char-
acteristics make these systems more attractive for some partic-
ular missions than for others. For a spe-ific missiorn some of
the candidate systems can be eliminated by requirements such as
acceleration environment., Candidate systems can be further
evaluated by conducting appropriate trade studies to yield the
preferred system for the specific mission.

The weeping tank concept, however, is a wpecial case. This
system relies on a completely different vent system for achieving
tank pressure control. Its primary advantag~ is the venting
flexibility allowed by the wiaer vent band. The preliminary
analyses conducted have pointed out its capabilities and limit-
ations. Although this concept has potential, it needs further
development to achlieve the state-of-the-~art level of the other
candidate systems. Additional analyses are required to identify
porous plug designs and venting characteristics. In addition,
testing is required to substantiate these analyses. The primary
advantage of the weeping tank concept did notl appear significant
to warrant further analyses and testing during this studv. For
these reasons, Lhis concept was not considered o candidate for
the three specific designs accomplished under this program.

The resulis of the analytical and experimental investigations
conducted during this study represent a significant contribution
to the knowledge required for evaluating and designing cryogenic
capillary expulsion systems. The results represent answers tc
many questions that affect the design of passive (ryogenic pro-
pellant management systems. Critical data were compiled in the

11-109
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four technical areas that influence the size, shape, weight,
and performance of cryvogenic acquisition/expulsion systers.

in the fluid mechanics area, the critical parameters affect ng
the capillary statility of ihese cryogenic systems were identi-
fied and modeled. Experimental data verificd design approaches
in the areas of retention capability of multilavered screens and
pressure losses associated with both gns and liquid flow through
fine mesh screens. Wicking analyses were conducted and ex-
perimentally verified to provide data used in the design of the
DSL vent systems. The results of the start transient analyses
indicate that typical start transients do not present signifi-
can. design problems for capillary propellant munagement systems.

Thermal and thermodynamic effects arec considered csitical for
cryogenic system design. The investigdtions in this area centered
primarily on pressurization and venting. Pressurization system
characteristics for the DSL systems were established. The use

of either autogenous gas or helium pressurants was experimentaliy
verified over a wide pressurant temperature range. The preferred
DSL vent system was identified and its operational characteristics
and sensitivity to changes in heat flux, veut pressure band, etc,
were established. Although the vent characteristics were not
experinentally verified because of the l-g thermal stratification
effects, a vent control scheme was developed {or the small vent
control band required for the liquid hydrogen system. The re-
sults of the thermal stratification investigation show that low-g
thermal stratification will favor the DSL concept. The collanse
of any vapor bubbles within the controlled liquid volume of a
propellant management system was investigated hoth analytically
and experimentally. These results indicate that bubbles of
2.54-cm (l1-in.) diameter or less can be collapsed during tank
prassurization.

From the structural investigations, two approaches are available
for the structural design of capillary propellant management
systems. A polysphere structure that uses perforated plate for
supporting screens under collapsing loads was developed. Also
the structural characteristics of unsupported screens were
investigated both analytically and experimentally. The test
results from the cycling of pressure loads on unsupported screen
indicate that this is not a serious design problem.

Other potential problem areas such as cleaning, inspection, and

maintenance of capillary acquisition/expulsion devices were
investigated, but revealed no critical design problems. The

11-110



- A e | e - o Prcs e

P Oveas s

O Nl

PP

screen joining terchniques developed under 4 related Martin
Marietta IR&D program are considered more than adequate to satis-
fy the critical sealing requirements of the fine mesh screen
systems. Of the several joining methods investigated, the pre-
ferred method is resistance wetding although other methods look
prcmising for making scrcen repairs.

The system configuration and size investigations yielded three
important corclusions.

1) The results of the one versus two propellant tank compar-
ison favor the two-tank system.

2) For a two-tank system, a series feed has advantages of
lower weight and greuter reliability over a parallel feed
system.

3) Results from the foraminous material survey . d comparison
showed that the fine mesh metal screens are preferred over
all other materials investigated.

The results of these investigations yield the data for designing
various cryogenic acquisition/expulsion systems. For all of
these critical investigations, the consistent approach followed
was to experimentally verify analytical techniques and modeis.
This approach adds credibility and confidence to the information
and data compiled and to the designs based on the data. The
next three chapters presunt detailed discussions of specific
designs for the integrzted Orbital Maneuvering System/Reaction
Control System (OMS/RCS), the dedicated OMS (LO,), and the

Space Tug.
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INTEGRATED OMS/RCS DESIGN

This chapter discusses the analysis and design of the crvogenic
acquisition,exrulsion sysuoms for the integrated OMS/RCS pro-
pellant tanks of the cryogenic-fueled Space Shittle. Compara-
tive evaluations were made among the most promising candidate
systems described in Chapter YI. The comparirons were made use-
ing mission parameters and criteria for typical Space Shuttle
missions. The most promising concept was analyzed in greater
detail and a detailed design of the system was accomplished.

The ability to fabricate, assemble, and check out systems similar
in design and size to the proposed integrated 0'S/RCS design was
developed. These topics are discussed under three hLeadings.

(1) Mission Requirements and Design Criteria;
(2) Preliminary Design Analysis;

(3) Detail Design.

MISSTON REQUIREMENTS AND DESIGN CRITERIA

The cryogenic Space Shuttle vehicle configurations and related
mission requirements that were used to design the acquisition/
expulsion system for the integrated OMS/RCS cryogenic storage
system are outlined here. These veiicle configuration and miss-
ion requiremeats reflect the Space Shuttle Phase B study results
(Ref 11I-1 and III-2). These data were continually updated
during the study to assure that the acquisition/expulsion system
design satisfied the coafiguration’ and mission requirements. The
design approach did not favor one particular vchicle and mission,
but rather met a worst-case set of criteria.

General Requirements

The following general performance and design requirements were
to be satisfied within the existing Space Shuttle design philos-
ophy. The systems were designed for easy inspection, checkout,
and maintenance while making maximum use of aircraft design
practice. The integrated OMS/RCS system was designed to operate
satisfactorily throughout the range of acceleration and thermal
environments anticipated during Shuttle operation. The designs

I1I-1
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i included provisions for a minimum service life of 100 missions
over a 10-year period. For each of these missions, at least 7
days of self-sustaining lifetime were provided for, with the
additional capability of extending the on-orbit stay to 30 days.
The useful storage capacity of th~ tanks provided for 609.6 m/sec
(2000 fps) delta velocity. The capability for receiving pro-
pellants while on orbit was also included.

2. Design Missions

Three specific Shuttle missions were used as a baseline. The
three missions are: 1) an easterly launch; 2) a polar launch;
and 3) a space station resupply. Typical propellant and delta
velocity requirements for these missions are shown in Tables 1I1-1
through 111-4 (Ref 11I-1). None of these missions approaches the
f baseline tankage czpacity of 609.6 m/sec (2000 fps) delta veloc-
: ity. However, a nearly fully-loaded condition at liftoff (5%
initial ullage) was considered to incorporate future growth re-
quirements into the acquisition/expulsion system design.

ahe Wy g ¥

W e Ay e

3. Tankage ar. Feedline Geometry

The Shuttle Phase B study results (Ref III-1 and II1I-2) were

: used to establish a representative set of tank and feedline
dimensi. ns and geometries. The baseline design parameters are
shown in Table I1I-5 under the headings, Tankage and Feedlines.

4. Thermal Criteria

The thermal criteria of primary importance to this study ere
listed in Table III-5 under the heading, Heat Leaks. Other cri-
teria were defined in the Design Requirements Document (Ref I11-3).

r, 5. Propellant Utilization Criteria

'g E The expulsion duvty cycle for the cryogenic storage system is
based on satis{ying (1) the OMS engine requirements; (2) the RCS

- géseous accumulator pump requirements; and (3) tne thermal con-

! ditioning needs. These duty cycles are outlined ‘n Tables III-2

through III-4.

The acquisition/expulsion systems were designed to provide gas-
free liquid instantaneously on demand, without relying on pro-
pellant settling. The systems were designed so that neither the
duration nor the number of expulsion events is limited by the
design. The systems were also designed to assure maximum

I111-2
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Table III-1 Summary of Design Missions

RCS PROPELLANTS,

OMS AV,

MISSION PHASE kg (1bm) m/sec {(fps)
Easterly Launch
Orbit 1Injection 180.1 (396.7)
Hohmann (2) —— 46.42 (152.3)
Deployment 482.4 (1,062.6)
Wait in Orbitc 302.2 (665.6)
Hohmann (2) —— 51.75 (169.8)
Phase 195.7 (431.1)
Hohmann and TPI ~—— 20.7 (68.0)
Rendezvous 665.0 (1,464.9)
Retrieval 157.5 (346.2)
Deorbit 171.2 (377.1) 101.5 (333.0)
Preentry 71.8 (158.2)
Ent;v 544.8 (1,200.0)
Total 2,770.8 (6,103.1) 220.4 (723.1)
Polar Launch
Orbit Injection 179.6 (395.6) ;
Hohmann (2) — 73.2 (240.0) ‘
Deployment 533.2 (1,174.5) N
5-Day Mapping or 15,572.0 (34,300.0) :
Weather Reconnaissance 1,167.1 . (2,570.8) d
Deorbit - 64.0 (210.0) :
Preentry 70.8 (156.1) :
Entry 544.8 (1,200.0) {
Total 17,519.7 (38,589.8) 137.2 (450.0) g
2,660.7 (5,860.6) !
Space Station Resupply ;
Orbit Injection 340.9 (750.9) §
Hohmann (3) - 156.4 (513.0) {
Rendezvous 563.7  (1,241.6) -
Hohmann (1) - 41.7 (137.0) i
TP1 — 8.2 (27.0) :
Dacking 212.1 (467.1) :
5-Day Stationkeeping 315.1 (694.0) i
Redocking 282.3 (621.7) :
Deorbit 115.3 (254.0) 132.5 (435.0) !
Preentry 67.8 (149.4) §
Entry 544.8 (1,200.0) %
Total 2,441.9 (5,378.7) 338.4 (112.0) §
i
A
]
1
i
I1I-3 i '
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Missicn Lvent w). 1‘“2 Jozal "ropellant Total Mass
Time, Time, | 8, [ e, ) Y i o l:n
Evernt hrsminiser | sec kg sec | lbm’sec| kg lbe kg/sex (lbm/sec) | kg 1bm g 1bm kg ibm
Launcn 00:00:00 425 6033 13,230 208 2661 7241 15,951 § 161,601 255,951
RCS 00:07:05 6033 13,290 1208 2661 1241 15,951 | 161,601 | 355,951
(-5 (-138) (-12.7) | (-28) (-75) (-166)
Hohmann 1 00:50:40 594/1 13,145+ 1108 7633 7166 15,785 { 161,526 | 355,785
oMS LV 120 13,2 (29.0) (-1570) (~3,458) 2.7 (6.0} (-314) |(-692) | (~1884) (-4,130)
RCS 00-52-40 4401 9,694 as1 1941 5282 11.635 159,6621 351,635
(-81) (-178) (-16.3) (-3) (-3} (-214)
Circularize { 01:35:06 4320 9,516 865 1905 5185 11,421 § 159,545 | 351,421
oMF 2V 53 13.2 29.0 (~691) (-1,523) 2.7 6.0) (~138) }(-305) (-830) (-1,88)
aCS J1:33:59 3628 7,793 26 1690 4355 9,593 | 158,715 | 348,593
(-138.5) (~305) (-2n | (-61) | (~166) (-366)
o1y 20400+ 00 -
;:)1;::: 20:00:00 | piieage 18,200 kg (40,000 Ibm) Payload an 9.2 158,549 | 349,227
RCS WV 20:01:00 490 7,688 698 153 418 9,227 | 140,388 } 309,227
(-43) (-39) (-9 | (-20) (-54) (-119)
KCS 20:11:00 3445 7,589 68 1519 4135 9,108 | 140,335 09,108
(-72) (-158) (-16.5) | (-32) (-86) (-130)
RCS &V 24:00:20 3373 7,431 675 1487 a8 8,918 |1°7,248 308,718
(-44.5) (-98) (-9) | (-20) (-53) (~118)
RCS oV 24:10:00 3329 1,333 666 1467 3995 8,800 | 140,195 308, 800
(~1110) (-2,445) (-222) |¢-489) | (-1232) (-2,934)
Deorbit 166:48:39 2219 4,888 1,464 978 2663 5,86 | 138,863 305, 866
oMS v 13 13.2 (9.0 (-1706) (-3,758) }2.7 (6.0) (-361) {(-752) (-2048) | (-4,510)
RCS 166:50:49 513 1,130 102 226 615 1,356 | 136,815 301,356
(-513) (-1,1%0) (-102) [(-226) (-615) |(-1,356)
Land 168:07:04 0 0 1] 1] 0o 130,200 | 300,000
Table i1i-3 Spase Stariun Avoupply Misgion Timeline
Mission Event l'02 wz Total Propellanc Total Mass
Time, Time, |®, W, .. », -, 4, a, -,
Evert hri:min:sec | sec kg/se~ | lom/sec| kg 1bs kg/sec | lbm/sec] kg ibs kg ibm kg 1bm
Launch 00:00:00 421 0 12,177 26,823 o 2436 5366 14,614 32,189 {162,163 | 357,189
Insertion | 00:07:01 -— —_— 12,177 20,823 -- 2436 5366 14,614 32,199 | 162,13 352,189
RCS (-62.6) (~138) (-12.7) (28 (-75) (-166)
Hohmann 1 | 00:50:36 17,115 26,585 2423 5338 14,538 32,023 {162,088 157,023
OMS AV 66| 13.1 29 \-003) |€-1,900) 2.7 6 (-173) (-380)}(-1,635) | (-2,280)
RCS Q0s5k142 -- 11,252 24,785 2251 4958 13,503 29,743 | 161,053 | 354,743
(-104) (-230) (-21) (~46) (-125) (-276)
Hohmann 2 | 23:22:28 11,148 24,555 2230 4912 13,378 29,467 160,928 ] 354,467
oMs v 103§ 13.1 2 1,354 } (2,980 1°./ 6 (-271) (-597) |(-1,625) (-3,580)
RCS 23:24:11 - 9,794 21,577 1960 4315 11,752 25,887 | 159,302 | 350,887
-80) (-177) (-15) (-35) (-96) (-212)
Hohmann 3 | 24:07:21 9,713 21,7,5 1943 42680 12,110 26,675 | 159,206 | 350,675
ONS av 197} 13.1 29 (-2,588) | (->,700) | 2.7 ) (-518) |(-1140) |(-3,105) (-6,840)
RCS 24:10:38 .- 7,126 15,695 1426 3140 8,551 18,835 | 156,101 | 343,835
(-93 (-205) (~19) (-41) (-111) (-246)
Hohmann & | 26353354 7,032 15,490 1407 3099 8,439 18,589 | 155,989 § 343,58
OMS 4V 951 13.1 29 (-1,263) }(-2,783) | 2.7 [ (-253) | (-551 |¢-1,516) (-3,3%0)
RCY 24355430 5,769 12,707 2154 2542 6,923 15,249 |154,473 | 340,249
(-65) (-143) (~13) (-29) (-78) (-172)
TPI Burn 25:39:20 N 5,704 12,564 1141 2513 6,845 15,077 [ 154,394 340,077
oMs AV 19 { 13.1 29 (-253) (-558) | 2.7 6 (-51 | (-112) (-304) (-670)
RCS 25339239 5,450 12,006 1090 2401 6,540 14,407 | 154,090 | 339,407
(-60) (-132) {~-12) (-26) (-69) (-153)
TPE Burn 26312330 5,390 11,874 1078 2378 6,469 14,249 | 154,019 | 339,249
RCS 2V 551 5.4 12 (-252) (-556) 10.91 2 (-50) | (-111) (-202) (-667)
RCS 26:13:25 | 5 days 5,138 11,318 1028 2264 6,166 13,582 | 153,716 | 338,582
Dork (-807) | (1,777 (-161) | (~356) (~968) | (~2,133)
Decrbit 1633:53:00 4,331 9,541 866 1908 5,198 11,449 | 152,747 | 336,449
OMS AV 290 13.1 2 (-3,821) | (-8,41D}2.7 6 (-764) {(-1683) |(~4,585) (-10,100)
RCS 163:57:50 510 1,124 102 225 612 1,349 | 148,162 326,349
(=510) | (=1,124) (=102) | (-225) (-612) | (-1,349)
Land 165214300 147,550 | 325,000
1t1-4
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expulsion efficiency. The propellant flow rates considered are
ircluded in Table III-5 under the heading, Operating Conditions.

Acceleration Criteria

» The three different Shuttle Phase B configurations were used to
generate a worst-case on-orbit local acceleration profile. This
profile was used to design the acguisition/expulsion system.

The ascent and reentry accelerations were essentially the same
regardless of orbiter configuration. These criteria are shown
in Table III-6.

T PR »W'W':’Z"*MMM’**’”M”vz‘W' B i iy
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Table III-6 Acceleration Envirovment

e

Orbit-To-Orbit Maneuvers

- e

Acceleration Direction

1 PPN A e

Maneuver Subsystem Employed { X Y Z Tank :
3 OMS Translational One RL-10 Engine +0.07§ LH,/L0, E
t 4 RCS Translatiomnal RCS Thrusters +0.024+ | 2.046% | +0.044% LH, /L0, E
RCS Rotational RCS 7Thrusters +0.046t | +0.027+ | +0.018% i

-0.086% | -0.0125 | -0.0205 | M2

+0.056% | +0.027+ ]| +0.015% Lo
-0.0145 | -0.0225§ 2

A A AT 46 B

Abort (Transnlational) | Two RL-10 Engines +0.145§
Launch +3.0 LH,/L0,

Reentry -2.3 LH,/LO,
* Ref III-2.
t Ref III-1.
§ Ref III-3.

L W R QP O PRI S SR

7. Pressurization and Venting

Pressure control for the OMS/RCS LH, and LO, tanks is accomp-
lished through proper pressurization and venting. Pressurant is
introduced through a diffuser to prevent impingement of the
pressurant on the screen surfaces. Venting is based on the sys-

tem's ability to keep liquid away from the vent so that cnly
liquid-free gas is vented.

:
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Pressurization was assumed to be autogenous with NPSP for RCS
pumps and OMS steady-state operation of 1.38 N/cm? (2 psid) for
hydrogen and 2.76 N/cm? (4 psid) for oxygen.

The vented f£iuid is 100% vapor and is vented through a nonpro-

pulsive vent from a maximum tank pressure of 34.4 N/cm? (50 psia).

The vent 1s designed to operate during all nonpressurization
events of the entire mission, including the high-g prelaunch and
the low-g on-orbit operationms.

Structural Design Criteria

The acquisition/expulsion systems were designed:
1) for minimum mass and volume;

2) to provide a minimum number of thermal paths to the rluid
through structural supports;

3) for compatibility with both LC, and LHj;
4) for service through 100 missions of 7 to 30 days each;

5) for structural integrity through all the mission-imposed
shock, vibrational, acoustic, and operational loads.

PRELIMINARY DESIGN ANALYSIS

A series of studies were conducted during the preliminary design
phase of the integrated OMS/RCS design effort to define the most
appropriate acquisition system. The first study involved defi-
nition of the system geometry. This definition was accomplished
by comparing different system configurations according to their
ability to deliver propellants within the constraints of the
mission acceleration criterie. From these comparisons, optimum
configurations were determined on the basis of maximum outflow
with minimum propellant residuals and minimum system hardware
weight. Additional studies were done to determine thermodynamic
characteristics of the systems, specifically with regard to
system pressurization and venting. Preliminary design analyses
were also conducted to identify a feedline configuration. The
results of these studies were used as the basis of a detailed
design effort for the LH, and LO; integrated OMS/RCS cryogenic
Shuttle acquisition/expulsion systems.

111-8
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1. System Configuration Definition Study
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-

The first goal of the system definition study was to define the
type of system to be used for the integrated OMS/RCS. Based on

) : data presented in the Chapter 1I, two equal volume spherical
tanks were assumed for each of the two cryogenic propellants.

The LH, tanks were 3.81 m (12.5 ft) in diameter and the LO_ tanks
were 2.6 m (8.5 ft) in diameter. The tank volumes were consis-
tent with the 609.6 m/sec (2000 ft/sec) delta velocity require~
ment. It was also assumed that they would be arranged in a
series~feed configuration.

ERSN as e e s yhm ey e

i

0f the five candidate acquisition/expulsion systems, the trap
systems were immediately eliminated because the baseline missions
did not lend themselves well to trap designs. The RCS propellant
requirements between OMS settling maneuvers included as much as

A 20% of the total initial propellant load. Moreover, it was
difficult to determine which maneuvers could be defined as
settling maneuvers because some RCS maneuvers could result in
potentially higher accelerations in a nonsettling direction (-x)
than any available acceleration in the settling direction (+x).

T e W Ui ¥ g S Ay S Y we? s

MR R

Twe candidate systems appeared to be applicable to the unique
requirements of the integrated OMS/RCS designs. These were the
basic dual-screen-liner (DSL) and the channel/liner systems.

Both systems offer the flexibility required to meet the varied
mission requirements of the Shuttle operational concepts. There-
fore, the initial comparative analysis concentrated on defining
the differences between the two systems within the framework of
Shuttle requirements to select the most promising system.

Defining the system geometry of a channel/liner design included
specifying both the number of channels and the distance between
them. The size of the communication screen or the distance be-
‘ R tween the flow channels is a direct function of the ability of
2 ' the communication screen to wick the wetting fluid. At the

- time of this initial study, final results ‘rom the wicking analy-
A sis and wicking tests were not available. From a preliminary

. analysis based on information from other sources (Ref III-4), it
was estimated that a 15.24 cm (6 in.) wickiny distance for both
& LH, and L0, was reasonable. Therefore, a distance of 0.305 m

(1 ft) between rlow channels was specified for the channel/liner
design. The results of more detailed analyses showed that this
channel spacing estimate was slightly conservative for the LO,
system, but was essentially an optimum wicking distance between
channels for the LH, system. Therefore, these channel spacing
dimensions were retained in the final design.

pag
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The DSL and the channel/liner systems were analyzed to determine
the configurations necessary to satisfy the mission requirements.
Several channel/liner designs with different numbers of channels
were considered. The basic comparison criteria were the amount
of propellant residuals inherent in each design and the estimated
weight of the designs. The propellant residuals included the
volume of propellant contained within the retention device and
the predicted additional propellant that might be trapped in the
bulk propellant region when breakdown occurred. Considerable
conservatism was included in the analyses, including the con-
servative assumptions incorporated in the computer programs.

A 2.0 factor of safety was applied tc the capillary retention
capability of the screens analyzed. During the initial phases

of the analysis. all screens defining controlled liquid regions
were assumed to be 325x2300 Dutch-twill stainless steel. 1In all
cases the dianeter of the screen liner was held constant so

that comparison would be based on the same volume of enclosed
liquid.

The computer model assumed that the channels in the channel/

liner configurations were rectangular in cross-section and had
parallel surfaces along their entire lengths. Therefore, the
greatest distance between the channels occurred at the equator.
The distance between the channels decreases as the reference

point moves from the liner equator toward the poles. The channels
join to form a manifold in the vicinity of the poles. Therefore,
as the distance between the channels at the equator decreases,

the device approaches the limiting case of the DSL. For a given
wicking distance and a constant liquid annulus or channel depth,
the amount of trapped propellant within the device should decrease
as the number of channels increases. This comparison of ideal
expulsion efficiency was the first comparison made between the
DSL and various channel/liner designs.

The comparison of ideal expulsion efficiency between the DSL and
channel/liner designs consisting of 8, 16, and 20 channels for
both the LH, and L0, systems are shown in Fig. I[I-1 and ILI-2.
The results demonstrate the advantage of a channel system with
a large number of ~hannels compared to the basic DSL. For
example, for the L0; system analyzed with a 8.64 cm (3.4 in.)
annulus gap, the difference in ideal expulsion efficiency be-
tween the DSL and a 20-channel configuration is approximately
3%Z. With a total LU, propellant load of rearly 18,160 kg
(40,000 1bm), that difference amounts to approximately 544.8 kg
(1200 1bm). Neither the percentage difference nor the weight
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. difference is as large tur the LH; system; nowever, the resultis
cleariy indicate the alvantage of the channel concept in terms
of ideal expulsion etfiiciency.

To compare the outf’uw capabilities of the candidate system<,
the computer models described in Chapter [l were used. A worst-
case analysis was conducted to demonstrate the ability of the
systems to meet tle basic mission requirements. For these
systems, .he worst-case is the requirement to deliver vapor-free
propellant under an acceleration that tends to settle propellant
away from the tank outlet {(~x direction). As the bulk propellant
- : flows into the device and out of the tank, the propellant volume
- decreases, as does the area it contacts on the screen device.
For a constant fiow rate, as this contact area decreases, the
associated pressure loss across the screen increases.

Eventually the sum of the pressure losses in the system will ex-~
ceed the capillary retention capability of the screen device

and breakdown will ociur. The computer models consider this
phenomenon and compute the volume of propellant remaining in the
bulk propellant region. The sum of this volume plus the device
volume is then comparable for any set of constant conditions
(such as acceleration and ocutflow rate) for any candidate device.
The sum of these two volumes represents a measure of the actual
expulsion efficiency.

During the course of the analysis, a number of system counfigura-
tions was investigated. The volumes of the screen devices in

{ these systems were seldom the same for any two systems. There-
fore, the ideal expulsion efficiencies also differed because
ideal expulsion efficiency is determined by:

I . s S OIRTTY TN S AT KRy e g w

V. -V
| pE, - L_ D [111-1]
1 )
1 T
where EEI = ideal expulsion efficiency,

1 V,1 = total volume enclosed by screen liner, .
N :
VD = volume enclosed by screen retention device. ;
}

A A bR o S v

Vol

I11-13




o . W T g o Agemem e 4 8w

", S

. B
e e mn e e 3

o A

v

The actual expulsion efficiency is expressed by:

V.~V -V
g -1 DB (11: 21
T
where EEA = actual expulsion efficiency,
V_ = volume remaining in the bulk propellant region it

screen breakdown.

Comparing different system outflow capabilities on the basis of
an arbitrarily fixed value of actual expulsion efficiency is not
a useful comparison method because the systems with larger ideal
expulsion efficiencies are unduly penalized. For example, a
system with 987 ideal expulsion efficiency would have some finite
outflow capability that wculd cause breakdown with 0.9% of the
fluid remaining in the bulk region. Thus, the actual expulsion
efficiency for that specific flow rate would be

_ 100 - 2 -0.9
EEA = 100 97.1%
It is impossible to compare this particular system case to another
system that has an ideal expulsion efficiency of, for inctance,
97% because it is physically impossible for the 97% system io
have any outflow at 97.1%.

It was decided that a better comparison of outflow capabilities
could be made oun the basis that the actual expulsion efficiency
would always be a fixed percentage of the ideal expulsion effi-
ciency for any system. For example, if that fixed percentage of
the ideal expulsion efficiency were 200X. the comparisons be-
tween two systems would always be made (at the points where the
combined effect of the pressure losses caused the systems to
break down) when the amounts of fluid remaining in the respective
bulk regions were equivalent to the volumes contained in respect-
ive screen devices themselves, i.e., VD = VB’ VD + VB = 200% VD.

Essentlally two criteria were chosen for making these outflow
comparisons. These were the breakdown points where the remain-
ing propellant (representing the sum of trhe screen device volume
plus the propellant remaining in the bulk region) was 101X of
the screen device volume (i.e., the channel volume) and also
110X of the screen device volume. Thus, these criteria were
called the 1.01 criterion and the 1.10 criterion.

I1I-14

R I e

Laanaane I ke T T Y T o T SO L N ST IO ) T ' i



i To illustrate these criteria, consider a system with an ideal

‘ expulsion efficiency of 98%. Two percent of the propellant would
be trapped in the device. The criteria, when applied to this

- ’ device, would call for comparisons when breakdown occurred with

2.02% remaining for the 1.Cl critericn and 2.2% remaining for
the 1.10 criterion. The relationship of ideal to actual expul-
sion efficiency for these criteria is illustrated in Fig. III-3.
These criteria are stringent measures of the capabilities of a
device; they were useful in demonstrating the wide range of ap-
plicability of the acquisition/expulsion devices proposed.

. ' Using these criteria, a systematic evaluation of the candidate
' . systems was performed. Figures III-4 and III-5 show typical
comparative results for LH, systems; Fig. I1I-6 and I1I-7 show
: similar comparisons for LO,. For both systems, contigurations

] containing more than 20 channels showed sharply degraded outflow
capabilities, but designs with up to 20 channels compared favor-
ably with the DSL. Therefore, no resulits for configurations
with more than 20 channels are shown. The differences in the
flow rate capabilities betweenr the two criteria also illustrate
two points: (1) the reduced capability shown by the 1.01 crite-
rion when compared to the 1.10 criterion shows the difficulties
that will be encountered in outflowing to complete depletion,
and (2) the 1.10 criterion shows that the devices can deliver
propellant flow rates that will satisfy mission requirements in
s t worst-case conditions until the propellan: is very close to

depletion.

e s o

S

i Figure I11-8 further illustrates the fact that the devices do not
vary in ocutflow capability until they are almost totally depleted. ,
For the DSL described, the outflow capability is nearly constant ;
in the -x direction until only 10% (2.5 criterion) of the total
initial nropellant load remains. This is seen from the fact that H
the 20% and 10Z curves are nearly the same. Since the ideal
expulsion efficiency of this device is approximately 96Z, a 90%
actual expulsion efficiency implies that approximately 6Z of the
usable propellant remains when outflow capability begins to

. degrade, namely:

100 - 4 - 6
EEA = 90% = 100 for VD = 4% and VB 6%. :

The maximum outflow of the device at zero-g is approximately
10.9 kg/sec (24 lbm/sec) and is still 7.5 kg/sec (16.5 lbm/sec)
or about 70% of maximum when only 0.4% (VB = 0.4%) of the usable i
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10+
1 Note: 3.81-m (12.5-ft) dia tank;
M 4l 2.54-cn (1 in.) 1liquid annulus.
> ] 8~
'; 7
3
5 é S 6 g
A K 8 Channels
; ;_g‘ » 16 Channels
: o S5+ & 2C Channels
. ] ]
H j o o
' - 3 2f
: f z 4f
; 8%
U L]
f o o
: 3 3} 8
A 1t
1] - 0 L L 1 L '_._4 4
0 0.0C 0.04 0.06 0.08 0.10
Acceleration, a/g

Fig, III-4 LH, Outflow Rate Capability Comparison for Screen System
Using the 1,01 Criterion

I11-17

I ¢ e e, Ll - e~ -

oy o b n e S W ago S W it 7

PrN—

CARiE

N SOUE,

S
P
et Py



-
]
$
i
--
1
4
2
‘ E
1
) 16 — N
. 1 N\
! 7t \\ Note: 3.81-m (12.5-ft) dia tank;
% 2.54-cm (1 in.) liquid annules.
L
$
1
1
* 6 :
t ¢
;
5 12~
!
5 !
! :
E ]
i - ] :
i “!‘ < 3
! » ;
; —: ‘4 {
[ ] 9 3
~ & z
! 8 L o %
3
B8 |
(™) W
e &
8 3, i
i
! 6 i
1
i
}
2 S
{
H
1 D,
2+ HERS
; OO )
i
[ BRI
ok o 1 | L. L B f‘.
0 0.02 0.04 0.06 0.08 0.10 =
; Acceleration, a/g ‘{3
: W,
3 R
- Fig. III-§ LH, Outflow Rate Capability Comparisom for Soveen System K
; Usirg the 1,10 Criterion
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Fig. III-6 LO, Outflow Rate Capability Comparison for Scraen Systems
Using the 1.01 Criterion
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¢ ' propellant remains. It should also be noted that this example

is not necessarily representative of the final selections because
they have expulsion efficiencies in the 98 to 997% range. There-
. fore, they would show improved capabilities over the example in

\ Fig. III-8.

From the results of this initial configuration definition study,
it was concluded that the retention device could be designed
with a 20-channel configuration. The DSL does not offer signifi-
cantly increased outflow capability when compared to the 20-
channel system (as shown in Fig. III-4 through III-7) and the
channel design has a significantly better expulsion efficiency.

Once the initial configuration of the devices for both the LH,
and the LO, tanks was determined, additional analysis was per=-
formed to determine the channel depth required to provide the
necessary outflow rates. Figures I111-9 and 111-10 show typical
results from the analysis. All parameters were held constant
while the channel depth was varied. The results show a rela-

{ tively linear increase in outflow capability with respect to
linear increases in channel depth.

e Lt S P ] g red G R it f e

Examination of the ideal expulsion efficiency curves in Fig. I1I-1
and 111-2 shows that a 2.54 cm (1-in.) channel depth should be
‘ near the upper limit of gap sizes because efficiencies of approx-
imately 982 or greater, provided by channels of that depth, are
i "reasonable and desirable goals. Reexamination of Fig. III-9 and
| I11-10 show that the LH, system with a 2.54 cm (1-in.) channel
depth can satisfy all but one of the requirements for outflow,
and the LO;, system meets all requirements. 1t should be noted
that the OMS flow rate requirements are associated only with
a +x acceleration vector. The capability of the LH, system can
be improved by using a multiple layer screen fabrication tech-
nique. This method is described in Section C of this chapter.

From the study results, it was also concluded that the full-liner
, systems could not be conveniently designed to function during
. the high-g reentry maneuvers of the Shuttle missions. To cirzum-
- vent this problem, a noncapillary reentry tank was included in

‘ one of the two tanks for each propellant. The reentry tank would
have a volume sufficient to satisfy the propellant requirements
during the reentry phace of the mission.

Information provided by these studies was the basis for detail
design of the integrated OMS/RCS cryogenic acquisition/expulsion
devices, as follows:

I1I-22 H
3
§
- —— . e

L WAL WA A TR o @ o M . —— .
. - o . I oy e s o L LT T TTE R L R T i = —i e — | — ——————————
Lasshagr anbils e ’ AR RPE J.  BE -y, . N




vy

v i e | ZUE IR N

%

22— 1o|.- B

Note: 3.8l-m (12.5-ft) dia tank;!
20 Channels;

’ - —1.91 cm (0.75 in.)

i
? zoﬁ- 9r; 1.10 Criterion.
o 18+
B ? 8-\—
, : .
L3
;!. § 16- ; ~
4 E m . - ,~Channel Depth (Liquid Annulus)
i AN / 3.72 em (1.5 ir.)
i § 143 f N ,
! 0 N n
- 3T )
o 12" N 3.18 cm (1.25 in.)
] v
é § St- 2.5 cm (1 in.)
3
-
Yad
&
8

Outflow Rete, lbm/sec
[

(<]
T

3+ "
6 . ?
SR
- AN
s 2
3
2= 1

o= o -----—-—---w-l——......_- - - ..L- . .-‘-,_--..__--J..__ -
0 0.02 0.04 0.06

Acceleration, a/g

FPig. III-9 LH, Outflow Rate Capability Comparison for Varying Channel Depths

g O iy e

Vegesnn iy

11I-23

j
é

L """'W""!"-'- L re—— gt iy 5 e




[EEEN

R s ¢ e e g e S e d e

ey

-‘-/‘A -
50 ~
Note: 2.58-m (8.5-ft) dia tank; 20 channels;
1.10 Criterion.
l°°r 45}
90l
404
80k
: 35P\
70} N
g v 30 '\\ Chznnel Depth (Liquid Annulus}
K H \\\ _ 3.18 cm (1.25 in.)
g 60»—£? \\\\\ . ', 2.5 cm (1.0 in.)
- ~ zsP_ \ 1.21 em (0-75 in.)
0 e AN N4
o 50—u
4 |3 N
g (3 20+ ‘Y\\
A 403 N N
5oy RN
& 3 15} . ‘
30+ A \ \
N \
o . \
104 . ‘x
204 SN
10} 5r ~
]
t
OL 0 i L 1 1 1\ {

0 0.01 0.02 0.03 0.04 0.05 0.06
Acceleration, a/g

Fig. I1II-10 LC; Outfiow Rate Capability Comparison for Varying

111-24

Channel Depths




1) Two spherical tanks for each propellant, 3.8 m (12.5 ft)
in diameter for ILH. and 2.6 m (8.5 ft) in diameter for LO

2) Full screen !iners, each with 20 channels, for each tank;

3) <Channel spacing was set at 30.5 ¢m (12 in.) at the equatcr
with channel depths no greater than 2.54 cm (1 in.);

4) A noncapillary reentry tank inside the primary tank of ecach
propellant system was also identified.

Details and refinements of tne design, including final screen
selections, final configurations. material selections, and weight
estimates are jincluded in Section C.

v By A w3 e

2. Pressurization and Venting Analyses

L et

The analytical approach and computer riodel discussed in Section
B of Chapter Il were used to predict the pressurizatien/veating
requirements and performance characteristics of the selected

LH, and LO, systems. The predictions were made for a representa-
tive Shuttle mission of seven days duration. The results of
these analyses are shown in Table 1I1I-7 for both propellant
systems. The mission simulation included all propellant outflow
demands specified by the mission timeline and the prassurization
usage was modeled to produce those expulsion events.

. - g

%
1

Venting was accomplished within the vent bands indicated as

determined by the communication screen capillary retention cap-

ability in the two propellants. The cycle frequenc differences -
for the two systems illustrates the effect the vent band magni-

tude has on the requirement for venting. The vent band magnitude

of the LO, system is nearly an order of magnitude greater tunan

that of the LH, system and the vent frequency for 1.0, is, corre-

spondingly, an order of magnitude smaller. Nevertheless, the

20-cycles-per-hour vent rate of the hydrogen tank is not con-

sidered a conc:rn. '

+ Over the seven-day duration of the mission the temperature of the
stored LH; rises only 0.67°K (1.2°R), corresponding to a pressure
rise of 2.2 N/cm? (3.0 psi). These values for stored L0, are
0.89°K (1.6°R) and 2.07 N/em? (3.0 psi). The total temperature
rise for the propellants is significant when considering liquid -
surface tension degradatiou as a function of temperature rise.
The numbers indicate that the surface tension decay and, there-
fore, the reduction in capillary retention capabilities of the
integrated OMS/RCS LH; and LO, system screens, are of minimal
concern.
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Parameters LO, Lit
Tank Sizes, m (ft) dia,

each of two tanks 2.5 (8.25) 3.8 (12.5)
Pressurant Temperature, °K (°R) 222 (400) 111 (200)
Initial Pressure, N/cm (psia) 13.8 (20) iS.O (21.8)
Initial Liquid Temperature, °K (°R) 93.6 (168.5) 21.7 (39)

Vent Randwidth (200x1400 A% Screen),
M/em< (psi)

Vent Frequency, cvcles/hr

Vent Mass,* kg (1lbm)

Pressurant Mass,* kg (1bm)

Pressure at End of 7 Days, N/em? (psi)

Bulk Liquid Temperature at End of 7
Days, °K (°R)

0.206 (0.30)

2

108.9 (240) GO-
42.7 (94) GO,

15.8 (23.0)

94.6 (170.1)

0.031 (0.045)
20

189.7 (418) GH,
45.4 (100) GH;

17.2 (25.0)

22.35 (40.2)

*Values a:r totals for both tanks.

3. Offloading and Filling

a. Offloading - The shuttle tanks were designed to orovid the
capability of loading an amount of pronellant equivalent to a

609.6 m/sec (2000 ftr/sec) A4V budget.

However, none of the three

missions used as the baseline in Section A includes this AV re-

quirement.

The propellant loads for thc three previously defined missions

are.

(1) seven-day polar mission, 7,241.7 kg (15,951 1bm); (2)

space station resupply mission, 14,613 kg (32,189 1lbm); and (3)

due east mission, 11,028 kg (24,291 1lbm).

The total load capac-

ity of the propellant tanks is 21,710 kg (47,820 lbm). Therefore,

the tanks must be offloaded.

Since an operational requirement of

the channel system is that the channels remain filled with liquid
throughout the mission, an offloaded tank can present a problem
where the propellant level during the high-g boost phase is low
enough to expose a hydrostatic head sufficient to cause screen

braakdow'i.
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This problem can be circumvented by using the series-start tank
approach to propellant delivery. This approach assumes that

the primary tank (tank 1) containing the reentry tank is loaded

to capacity and the offloading occurs in the remaining tank

(tank 2). The screen device in tank 2 will then break down during
the boost phase of the mission; however, tank 2 will remain fully
cperational and will pe capable of delivering any propellant out-
flow requirements on demand. Tank 1 can be supplied from tank 2
at any time a favorable acceleration exists, svch as during the
OMS AV maneuvers, which would settle propellaat over the outlet.

A small amount of propellant can be offloaded from tank 1. This
offloading can be done until the liquid level exposes the height
of screen that can remair stable under the 3-g boost acceleration.
A maximum offloaded condition is depicted in Fig. III-11. By off-
loading tank 1 in the LH; system, the maximum of fload that can

be accommodatad is 47.85%. For the LO, syst:m, this percentage
is 49.01%.

l

Height Stable
Under 3 g

Fig. III-11 Tank in Offloaded Condition
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The offload requirements for the Space Station resupply missicn
and the due east mission are 66% and 50.87%, respectively. These
missions would be flown with the primary tank fully loaded (in-
cluding 5% ullage) and the remaining 16%Z for the resupply mission
and 0.8%7 for the die east mission loaded in tank 2. In the case
of the due east mission, the small amount in tank 2 would be used
for the orbital insertion maneuvers during the first 1 hr and

35 minutes of the mission. In the case of the seven-day polar
mission, which calls for a 33.4%Z offload, propellant in excess cof
the mission requirements would have to be loaded because the
minimum offload is approximately 49%Z. However, ! e minirwi pro-
pellant requirements are cited for the 7-day polar missiosn. The
polar mission is designed to perform a variety of functions that
require additional propellant. For example, a 5-day mapping
segnert of the polar mission would raise the propellant require~
ments to a full capacity load. Therefore, the 49%Z offloading
minimum is not viewed as a realistic restriction to the baseline
missions.

b. Filling - Filling the tanks and devices can be accomplished
by either of two separate methods. One method was successfully
demonstrated during cryogenic testing of the 63.5-cm (25-in.)
diameter test model. This method included purging the system
with propellant vapors before the propellants were introduced
into the tank. The purge was carried out throughk several pres-
surization and blowdown cycles to assure that all inert or un-
desirable gaseous elements (such as air) were eliminated from
the tank. Following the purge, the subcooled cryogen was flowed
into the tank until filling was completed. At ambient pressure,
the cryogen must be subcooled to prevent vapor formation in the
channels. If the cryogen is filled in an ambient saturated con-
dition, vaporization can readily occur with even small heat
leaks and vaporization could occur in the channels. Loading
subcooled propellants helps to eliminate this concern.

The second procedure is vacuum loading. The tanks are vacuum-
jacketed, so vacuum loading presents no problems from a struct-
ural standpuint. Vacuum loading is also an attractive loading
option for on-orbit refilling because the tanks can be easily
vented to the vacuum of space prior to the loading event.

Feedline Analysis

Normal design practice for capillary systems involves selecting
the finest mesh screen (largest pressure retention capability)
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to minimize the number of screen layers required. However,
analysis of the storage tank design showed a weight saving by
using aluminum screen (200x1400 mesh) and supports, rather than
using the 325x2300 mesh stainless steel screen. A similar anal-
ysis was performed as part of the feedline design analysis. The
results showed that a similar weight saving could be realized
with 200x1400 mesh aluminum screen, although the savings are less
significant. For the LH, feedline, a maximum saving of 1z7%* is
possible for the OMS and 16%Z* for the fCS. For LH, feedlines,

a saving of approximately 25% may be realized for both systems.
However, weight is not the only factor to be considered in the
screen selection. Material compatibility, fabricability, and
structural considerations are also important.

The integrated OMS/RCS feedlines are stainless steel, presenting
possible incompatibility and thermal expansion problems if
aluminum screen is used. The lower pressure retention capability
of aluminum screen requires a larger number of screen layers for
the same design conditions, compared with the stainless steel
screen. However, minimization of screen layers is advantageous
from the standpoint of fabrication and system reli~rbility. Based
on these considerations, 325x2300 mesh stainless steel screen
was selected for the integrated OMS/RCS capillary feedline de-
signs. The design considerations presented in Chapter II for

a feedline with a screen liner were applied to the integrated
OMS/RCS feedline systems. Analyses were conducted to identify
feedline designs for the OMS and RCS acquisition/expulsion systems
for both LO, and LH,. The number of layers of 325x2300 Dutch-~

t- .1 screen required to maintain a gas-free liquid core was
established and the  ropellant boiloff from each liner estimated.

a. OMS Feedline Design Analysis - Tables II1-5 and I1I-6 showed
the baseline design parameters and acceleration environment for
the integrated OMS/RCS. As shown in Table I1I-6, the OMS op-
erational acceleration is always in the +x direction (tend<ng

to settle propellant in the aft end of the tanks). This is an
optimum design condition because the term pglL becomes negative,
helping to decrease the resulting pressure drop in the feedline.

* These numbers are based on the assumption that the spacer
material density is the same as that of the screen material.
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Under these conditions, from a design standpoint, the worst case
is not maximum, but minimum acceleration during system operation,
because this will maximize the pressure differential that must be
sustained by the screen device. This minimum acceleration is
+0.05 g.

The selected acquisition/=xpulsion system for the integrated OMS/
RCS is the channel/liner system which provides a low-g venting
capability. The liner design assures hydrostatic stabiiity for
most of the orbit-~to-orbit maneuvers and possibly throughout the
entire mission. Therefore, the feedlines must be designed to
provide gas-free liquid with a liquid-free vapor annulius.

The OMS flow rates (Table I1I-5) result in feedline velocities
of 4.97 m/sec (16.3 ft/sec) and 1.46 m/sec (4.8 ft/sec) for the
LH, and LC, systems, respectively. Using these values the pres-
sure drop terms of Eq [II-10] were calculated for both systems
at the feedline inlet and outlet. For the LH, OMS, 19 screen
layers are required at the feecline outlet and threes liay2rs at
the inlet. The LO, OMS feedline requires only two screen layers
at the outlet and one layer at the inlet. These numbers con-
servatively represent the number of screen layers necessary to
asgure gas-free liquid in the feedline core. The relatively
large number of screen layers required I[or the LH, system is
caused by the excessive length of the feedline, 18.3 meters (60
ft), and associated frictional losses.

From this discussion, several advantages may be realized by de~
signing the liner as a function of feediine length. Assuming
that the number of screen layers required varies linearly with
feedline length, L. the average number of screen layers is simply
the arithmetic mean of the required layers at the feedline out-
let and inlet. For the LH; and LO, OMS this ccrresponds to

11 and 2 layers (rounded off to highest whole number) of 325x2300
mesh stainless steel Dutch-twill screen. This results in a sig-
nificant weight saving for the LH; as will be discussed later.

b. RCS Feedline Design Analysis - The acceleration enviromnment
for the RCS imposes different design criteria than does the OMS.
Accelerations in any directicn result in a worst-case design
condition for the capillary feedlines; i.e., an acceleration
vector such that the term pgl becomes additive in the basic
feedline equustion. In this situation the maximum acceleration
wust be considered. This also implies that the system will
operate with a dry vapor anuulus because liquid could not be
forced into the annulus even if the tank liner were unstable.
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RCS flow rates result in velocities of 4.97 m/sec (16.3 ft/sec)
and 0.92 m/sec (3.00 ft/sec) for the LH; ard L0, system, re-
spectively. Based on feedline lengths of 3.05 m (10 ft) for
both systems, an acceleration of *0.046 g and an apprcach similar
to that of the OMS, a capillary feedline design consistent with
the candidate acquisition/expulsion system was established. The
_ resulting design for the LH; RCS requires eight and three layers
! of screen at the feedline outlet and inlet, respectively. Once
again the predominant terms are the friction losses and velocity
head associated with liquid hydrogen flow. The small density

of LH, results in large velocities, which are predominant in the

WA NI

4 E resulting pressure loss terms. An average of six layers of
i screen are adequate for proper system design.
* i The lower velocities associated with liquid oxygen flow result

, in insignificant frictional and velocity head terms as compared

K ’ E to the other terms in the equation. Although the acceleration
head is now significant, the increased screen pressure retention

i ) capability in LO, results in fewer screen layers and a more

desirable design solution. Consequently, only two layers of

screen are required at the feedline outlet and a single layer

at the inlet for the LO; RCS. This is sufficient to prevent

gas ingestion into the liquid core. The hardware weights assoc-

iated with these screen layers are presented in Section C.

e. Boiloff Analysis - With low operating pressures and the
small vapor-annulus gaps associated with feedline design, the
effective cooling capacity of the capillary system is reduced

to the heat of vaporization of the liquid propellant. During
coast conditions (no flow), the amount of propellant boiloff

can be estimated by the heat of vaporization of the fluid divided
by the heating rate, q.

Feedline boiloff rates were obtained from Ref I1I-5. The

values used were 4.1 kg/m (2.76 lbm/ft) and 4.6 kg/m (3.092 1bm/
ft) for the LH; and LO, systems, respectively. These numbers
are based on vacuum-jacketed stainless steel lines. For the
feedline lengths specified in Table III-8, corresponding boil-
off 18 55.4 kg (122 1bm) and 21.3 kg (47 1bm) for the LH; and
LO, OMS, respectively. The RCS boiloff is 9.5 kg (21 1lbm) for
LH; and 14.1 kg (31 1bm) for LV;. The resulting total boiloff
for the LH, feedline is 65 kg (143 1lbm) and for the L0, feedline -
35.4 kg (78 1bm). . =

[P

The integrated OMS/RCS capillary feedline design is summarized
in Tabl. TII-8.
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Tavle III-8

Integrated OMS/RCS Feedline Summary

LH; L0,
GLOMETRY OMS RCS OMS RCS
Feedline Length, m (ft) ] 18.3(€0) 3.05(10)} 4.6(15) 3.05(10)
Number of 90° Bends 3 3 3 3
(Estimated)
Screen Liner-Inner
Diameter, cm (in.) 10.2(4) 10.2(4) ]10.2(4) 10.2(4)
Maximum Layers of
325x23C0 Screen* 19 8 2 2
Minimum Layers of
325x%x2300 Screen * 3 3 1 1
Average Layers of
325%2300 Screen 11 6 2 2
PERFORMANCE CHARACTERISTICS
Pressure Drop during
Outflow, N/cm? (psi) 0.31(.45)0.61(.89)Y 0.29(.42)| 0.86(1.25)
Maximum g in ~x
Direction for Hydro-
static Stability 0.047 0.079 0.347 . 0.347
Feedline Boiloff,
Kg/m (1bm/ft) 55.4(122) 9.5(21) [21.3(47) 14.1(31)
Liquid Usage for TPA
Cooldown, kg (1lbm) 28.6(63) N/A 9.5(21) N/A

Note:

* Maximum layers of screen are required at feedline outlet and
minimum at feedline inlet.

All feedlines use 300 series stainless steel for vacuum
jacket, inner line, and screen liner.
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C. DETAILED DESIGN

Various aspects of the detailed design effort, including discus-
sions of final material selection, system capabilities, system
weight, and operational characteristics are presented here. De-
tailed configuration drawings and dimension summaries are also
included for the screen systems in both the tanks and the capil-
lary feedlines.

Storage Tank Design

The preliminary design and configuration tradeoffs discussed in 1
Section B defined the integrated OMS/RCS in a general m~—uer to
include the following features: (1) two spherical tanks for each
of the propellants, with the hydrogen tanks 3.8 m (12.5 ft) in
diameter, and the oxygen tanks approximately 2.6m (8.5 ft) in
diameter; (2) full screen liners for each of the tanks with 20
channels evenly spaced at a distance of 30.4 cm (12 in.) at the
equator; (3) channel depths of no more than 2.54 cm (1 in.); and
(4) a noncapillary reentry tank in the primary tank (tank 1) of
each propellant system with a capacity sufficient to satisfy the
propellant requirements during the reentry phase of a Shuttle
mission.

One of the primary objectives of tha detailed design effort was
to minimize the weight of the retention device as much as possi-
ble while meeting structural requirements and propellant demand.
All of the initial system capability analyses were conducted for
structures that were assumed to be stainless steel 325x2300 Dutch
twill screen supported by a stainless steel perforated plate back-
up structure. The octosphere structural analysis presented in
Chapter II and tha results shown in Fig. II49 and II-50 indicate .
that for both stainless steel and aluminum, the perforated plate
thickness, which would be structurally adequate, is lees than

the gage thicknesses normally considered minimum for these types
of applications. On this basis, even though the stainless steel
minimum gage is less than that of aluminum, the density of alu-
ninum (one-third that of stainless steel) makes it an attractive
structural material option. The disadvantage of aluminum is that
it is not commercially available in Dutch twill screens with as
fine a mesh as stainless steel. The finest available aluminum
screen is 200x1400 mesh. One layer of 200x140C aluminum screen
cannot provide the capillary retention capability of the one lay-
er of the 325x2300 stainlass steel scraen used in the preliminary
analysis. However, the added capabilities of two layers of 200x
1400 aluminum screen exceed the capability of a single layer of
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325x2300 mesh screen while weighing less. This, together with
the additional weight savings achieved by using an aluminum sup-
port structure, makes aluminum the primary candidate material
for the retention devices

The outflow cepabilities of the systems using two layers of 200x
1400screen are compared with the same systems using one layer of
325x2300 ir Fig. I1I-12 and III-13. The comparisons show that
although the two-layer system cannot deliver the propellant voi-
umes at zero-g that the single-layer system can, this condition
is reversed as the acceleration level increases so that the over-
all capability of the two layers of 200x1400 is significantly
better.

The curves presented in Fig. TII-12 and III-13 illustrate the
capabilities of the two tank designs in an adverse acceleration
condition (-x direction). They indicate that the aluminum de~
signs can meet the entire mission propellant demand when nearly
depleted (1.10 criterion) in a negative acceleration environment
with the exception of the 13.2 kg/sec (29 1lbm/sec) outflow of
10, for an OMS burn at 0.07 g. However, all OMS burns produce
accelerations in the +x direction. To account for the differ-
ences in the interaction of the various pressure loss terms for
this condition, additiomal outflow predictions were developed.
Figure III-14 illustrates these results for the LH, system. As
shown, the capability to outflow propeilant is increased when
the acceleration vector is in the +x direction. Similar predic-
tions &re shown for LO; in Fig. III-15.

The curves for LO, show that the 13.2-kg/sec (29-1lbm/sec) re~
quirement cannot be met by the 1.10 criterion for 0.07 g ir the
+x direction. A criterion of approximately 1.5 must be applied
to show sufficient system performance to deliver 13.2kg/sec

(29 lbw/sec) at + 0.07 g. Tha ideal expulsion efficiency of the
oxygen device is 98.1%; therefore, applying a 1.5 criterion to
the system fimplies that the actual expulsion efficiency for an
OMS outflow at 0.07 g would be 97.2%. This represents an abil-
ity to outflow an OMS propellant demand until 0.9Z of the usable
propellant remained in one tank, an equivalent of 0.45% of the
total potential usable propellant load of the Shuttle LO; tanks.
It should be noted that ncne of the potential Shuttle missions
calls for an OMS propellant demand when the volume of propellant
remaining is that low. .

I1I-34
- ] ' ,L'su, > o
e e e o T TR g e m&
o W""’ e Ty ""-'."J"'n"““"»‘" AT M* R T«WWW"—-‘-

P i P I - w,‘* ?‘*‘

e = TR



7+
Note: 1. 3.81-m (12.5-£t) tank.
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Fig. III-12 LH, Outflow Rate Capability Comparison between
Single- and Double-Layer Screen
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Fig. III-13 L0, Outflow Rate Capability Comparison between
Single- and Double-Layer Screen
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A further attempt to reduce the weight of the retention devices
involved a detailed analysis of the mission duty cycles with re-
gard to the propellant demand timeline. Within a limited range
of variations, all of the missions called for use of some propel-
lant from the OMS/RCS tanks within the first 1.0 to 1.5 hours
after launch. These demands were not constant for each mission,
but were of the same order of magnitude. These usage schedules
are shown in Table III-9, representing the total use from the
tanks before the first extended coast period in the mission.

The coast period begins at the end of the event occurring at the
mission time denoted in the table.

Table III-9 Shuttle Mission Initial Propellant Usage

LH,; kz (lbm) | LO, kg (1lbm)

7-Day Polar Mission

OMS requirements 452.2 (996) 2262 (4982)
RCS requirements 30 (66) 150.3(331)
Total Used to Time 1:35:30 482.1(1062) 2412 (2313)

Space Station Mission

OMS requirements 172.5 (380) 862.6(1900)
RCS requirements 6.1 (31) 68.1 (150)
Total Used to Time 0:51:08 186.6 (411) 930.7(2050)

Due East Mission

OMS requirements 315.0 (694) 1576 (3472)
RCS requirements 30 (66) 15G.2 (331)
Total Used to Time 1:35:00 345  (760) 1726 (3803)

The operational philosophy of the oroposed designs during extend- -

ed low-g periods is that the initial ullage requirements for each

propellant load must be contained strictly within the vapor anau-

lus. The 5% ullage load does not represent the entire volume of
I
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the vapor annuli of the de .igns, particularly in the hydrogen
“ank, where a large annulus gap is necessary to ensure reason-
able venting characteristics. The approach adapted for the in-
tegrated OMS/RCS requirements, therefore, was to load some of
the mission propellant in the vapor annulus. The propellant
masses listed in Table III-9 represent the volume of propellant
thzt will be outflowed almos:t immediately after launch. Since
this propellant mass is not stored in orbit for any period of
time, it does not need to be enclosed by the 'iner.

The diameter of the liners for both the LH, and LO, systems were
reduced so that the volume contained in them represented the vol-
ume cf the initial ullage plus the volume of the propellant to

be used during the mission time specified in Table III-9.

To make a spacial design for each mission unnecessary, the pro-
pellant volume specified to be used during the first 51 min 8 sec
of the space station mission was used to size the liner diameters.
This propellant mass represents the least amount required of the
three missions before the first coast period. Based on these
considerations, the 3.8-M (12.5-ft) diameter LH; tank was designed
with a 3.58-m(11.75-ft) diameter liner, and the 2.51-m (8.25-ft)
diameter LO, tank was designed to include a 2.42-m (7.94-ft) dia-
meter liner.

The detailed design drawing for the LH; acquisition/expulsion
system is shown in Fig. III-16. The L0, system is not pictured
because, except for the dimensions, it would essentially be iden-
ticai in appearance. The system is an all-aluminum welded design
fabricated of 200x1400 aluminum Dutch twill screen and 0.076-cm
(0.030-in.) (50% open area) aluminum perforated plate. The chan-
nels are tapered from a rectangular cross-section at the liner
equator to an essentially square cross—-gsection at the point where
they enter the manifold near the pole of the device or in the
start tank manifold. The tapered design was adorted so that the
material required to make the manifold would be minimized, thus
saving we’ght.

The design consists of 20 gore panels in each hemisphere. The
gore sections are perforated plate covered with a layer of 200x
1400 screen. An outflow channel is located in the center of each
panel. The channels are fabricated of both plate and perforated
plate and are covered with two layers of 200x1400 screen where
required. All the screen attachments are made by continuous re-
sistance seam welds. Under ar IRAD program, this design appreach
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was verifled through the fabrication and assembly of a 1.77-in
(70-in.) liner. (See Chap. IV, Vol IIl.)

A reentry tank is included in one tank for each propellant. The
channels drair into a manifold around the reentry tank and the
manifold discharges into the veentry tank through a single entry
port. All propellant expelled from the systems is flowed through
the s'ngle outflow line of the reentry tank. The outflow line

is positioned so that during the reentry phase of the Shuttle
mission the acceleration will settle the propellant over the exit
port and complete tank draining will be possible. The entcy port
into the reentry tank is directly opposite the outflow line so
that during 2.3-g reentry, propellant will be unable to drain out
of the tank through this opening.

The inlet port of the reentry tank is covered with screen backed
by perforated plate so that propellant will be held in the tank
by capillary action, if required, during the terminal portion

of the low-g part of the mission. Placing this screen in the
system flow path created an additional pressure loss in the
fluid. The inlet port was sized so the loss experienced by the
flowing propellant was not of such a magnitude as to require the
start tank dome weights to become excessive. The inlet port for
the hydrogen system was sized so that a 0.31-N/cm? (0.45-psi)
pressure drop was experienced by the LH, flowing through it.

The domes for the LH, start tank were then designed for a 0.52-
N/cm? (0.75-psi) collapsing pressure; the dome material thick-
nesses are 0.076 cm (0.030 in.) and 0.177 cm (0.070 in.), re-
spectively.

Similarly, the 56.9-cm (22.4-in.) radius dome of the LO, reentry
tank is 0.089cm (0.035 in.) thick and the 120-cm (47.2-in.) rad-
ius dome is 0.1828 cm (0.072 in.) thick, based on a 1.38-N/cm?

(2.0-psi) collapsing pressure. The radii of the tank ~es re-
present a tank volume sufficient for all propellant r- Yements

during the reentry maneuver so that once the reentry i-. aitiated,

the capillary channels no longer have a function in the propel-
lant delivery system.

A summary of the design geometry details is presented in Table III-

10 for both che LH; and L0, systems. The figures listed for the
channel dimensions represent the cross-sectional dimensions at
tbe equator followed by the cross-sactional dimensions at the
manifolds.
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The final system weights are shown in Table III-11. It should
be noted that in the secondary tank (tank 2) for each propellant,
the weight of the channels is less than in the other tank for
that propellant. This is because the length of the channels is
reduced in one of the hemispheres by the presence of the reentry
tank. These weights were established before the results of the
analysis of structural characteristics for fine mesh screens be~
came available. The results of that analysis indicate that the
removal of the supporting perforated plate from the communication
screan in the LH, design is feasible. The capillary retention
pressure of 200x1400 screen in LO, makes the removal of the per-
forated plate support from the screen unfeasible because unsup-
ported screen spans wust be small.

e s . o

d

P Rl T Tocs NTEN

, Table III-11 Propellant Storage System Dry Mass for Integrated OMS .
10; Storags System Mass, 19, Storage System Mess, with ﬁu; Szorage System Mass  wvithowt
§ (ot Er!ouud plate (1be) rforated plate, g (1w .
Canponents Yook ¥ H B
Vacwwn Jackat, incledirg | 7.7 e 1.7 (M) 1206 (2557) 206 ‘2657 1204 265 1206 (2037) §
Cleth Ring i
§
leper Task, tncludiag Girth 1123.0 (27D 123.0 (27D 2% 6 16, in (30 z
T Rl s 616) ww) | ee (o) 2
{30 pete) :

3
¢

Acquisition Expuleton System

Scroen Lisee 23.8 (52.%) 3.3 (32.5) 3.2 (A15.1 52,2 (115.1) ¥».) (0.0) %) (0.0
feeder Chasmele 15,0 (W8 1.2 (2.0 37.2 (8L.9) n.} (6.0 1.2 (.9 31.) (89.0)

Meectry Tuak end Mealfold 1.4 (23. 22.7 (3.1 22,1 (5.1

Nasifold, Swepores, Ueld, 1.13 2.5) 1.13 (2.9 3.06 (6.0 2,62 (5.9) 304 (.0 2.67 (3.9

(1%

Sebtotal 0.7 (K.Y M (190 5.3 (2037 | 109 Q.0 7.3 (168.6) 93,1 {205.0)
Toxsl tystam Mase 8.2 (1026 .0)|4T5 (1045.2) (1378 (342, 7) Juses 3513, 1) 11562 (341.6) | 1500 (3470.0)
Notas Totimsts doss not include mass of isswletion or othar thermal systen

The screen, unsupported by perforated plate, requires support
menbers spaced at approximately 30.4-cm (12-in.) intervals along
the communication screen length. This technique could result

in a potential saving of approximately 15.9 kg {35 1bm) for each
tank of the hydrogen system. On that basis, each of the screen
liners could weigh approximately 36.3 kg (80 1bm). Trese weights
are also included in Table III-11l.

A surmary of the final performance capabilities is shown in Table
1II-12. The designs sre capable of meeting all the mission re-
quirements outlined in Sectiom A.
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Table TII-12 Acquisition/Expulsion System - Performance

Ly, 3.58-m (11.75-ft)

10, 2.42-m (7.94~ft)

HYDROSTATIC STABILITY* Dia Tank, a/g Dia Tank, a/g
Channel Screen, 2 Layers 200x1400 0.154 0.094
Communication, 200x14Q0 0.077 0.047
EE_ [EE Flow Rate

OUTFLOW CAPABILITY '™"A kg/sec (lb/sec)la/g (Maximum)

Lox Tank 1 98.1/97.9 8.17 (18) 0.057(-7), 0.072(+X)
Lox Tank 2 98.1/97.9 8.17 (19) 0.057(-x}, 0.072(+X)
Lox Tank 2 with Reentry Tank 8.17 (18 0.057(-X), 0.072(+X)
LH; Tank 1 97.3/97.9 2,72 (6) 0.,087(-X), 0.114(+X)
1H; Tank 2 97.3/97.0 2,72 (6) 0.087(-X), 0.114(+X
1H; Tank 2 with Reentry Tank 2.72 (6) 0.087(-X), 0,114(+X)

* Safety Factor = 2,0

EE, = Ideal Expulsion Efficiency

I

EE, = Actual Expulsion Efficiency (1.10 Critarion}

A

The final assembly configuration and sssembly details are shown
in Fig. 1I1-17 for the LH; system and Fig. I1I~18 for the LO,
system. The tanks containing the liner and channel acquisition/
expulsion devices are suspended from a series of cables inside
the vacuum jacket. The vacuum jacket also contains an aluminized

Mylar multilayer insulation blanket.

The combinatioa of the

vacuum and tta multilayer insulation ensures that the 1.57 W/m?
(0.5 Btu/hr~ft2) environmental heating rate incident on the pro-
pellant tank will not be exceeded.

The liner itself is also suspended within the propellant tank by
a series of cables. The liners in both the LH, and L0, systems
are positioned eccentrically in the tanks so the largest vapor
annulus gap is located at the pressurisaticn and vent port, and
the smallest vapor ennulus gap is located at the £il11 and drain
line. This technique was used to take advantage of the minimum
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free surface energy of any propellant present in the outer annu-
lus. With this eccentric annulus configuration in a zero-g con-
dition, the minimum free surface energy phenomenon will =ause the
propellant to be positioned away from the vent port, thus allow-
ing venting even though all the liquid may not be contained with-
in the acnuisition/expulsion device.

After completing the detail design effort, the designs were re-
viewed by the Beech Aircraft Corporation (BAC) of Boulder, Colo-
rado, and were found to be completely adequate. The results of
the BAC review are summarized below with the detailed discussion
presented in Ref. III-6. BAC evaluated the cable suspension
method for the pressure vessel and screen assembly and considered
it to be conservative. Screen assembly cleaning could be achieved
by using proper techniques and sequences. Also, BAC felt that
proper inspection techniques could be estabiished to verify clean-
liness after rcpeated use. 1In handling large screen assemblies,
BAC indicated that standard procedures for handling man~rated
flight components could also be used during nanufacturing, storage,
and transportation. It was also concluded that the maintenance
problems should be minimal and would cousist primarily of checking
and maintaining cleaanliness. 1In evalusating the proposed filling
procedure, BAC stated that with proper care no significant pro-
blems should occur.

Feedline

Capillary feedline design incorporates cylindrical screen devices
to hold the cryogenic liquid away from the feedline wall and as-
sure gas-free liquid. The pressure gradiant on these devices is
ideally always from the outer gaseous region to the inner liquid
core and has a maximum value equal to the bubble point of the
screer. configuration. For a single 325x2300 stainless steel Dutch-
twill scre.n, this maximum is 0.05 N/cm? (0.72 psi) for LH, and
0.36 N/cm? (0.512 psi) for LO,. This pressure gradient must be
sustained without degrading the system's performauce.

As discussed previously, there are two ways of fabricating screen
retention devices. For feedline application the screen must be
supported by a backup plate (at least for larger diameters) to pre-
vent screen buckling or distortion due to pressure gradients.

No amount of screeu deflection or distortion can be tolerated,
because of the reduc ion in flow area and possible degradation in
the system pressure retention capability.
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Feedline design is based on additive pressure retention capability
caused by layering the screens. To ensure this capabilitrv, adjoin-
ing screen layers must be separated by spacer material, which also
provides structural support. Any lightweight stainless steel mate-
rial such as perforated plate or perforated shim stock will serve
this purpose.

A representative feedline design is shown in Fig. III-19. A 15.2-
cm (6-in.) feedline is shown with a 10.2-cm (4-in.) diameter screen
liner. The screen liner has t-o screen layers with perforated
plate or suitable spacer material between the layers. The drawing
shows the feedline coupled to a storage tank. The feedline shown
is not vacuum-jacketed but is covered with multilayer insulation.
However, the basic design is not affected by the presence of a vac-
uum jacket.

A prevalve is shown at the fcedline-tank interface which may or
may not be incorporated into the system without affecting per-
formance. The basic function of a prevalve would be to prevent
liquid from entering the feedline before orbital altitude is ob-
tained. This gives added flexibility to the propellant feed sys-
tem capability. Should a prevalve be desirable it must incorpor-
ate a valve in the vapor annulus as well as prevewnt liquid from
enteriug this region when the tank is filled. The vapor control
valve shown has this feature and is pneumatically actuated. Valve
desirability depends on a tradeoff between valve weight and the
added flexibility and weight savings caused by reduced feedline
boiloff during orbit injection. A secondary liquid-control valve
is also shown at the feedline/pump interface.

Expansion joints are shown at tank and turbopump interfaces and
may be necessary at other locations depending on feedline geometry.
Because of the small temperature gradient expected between the
feedline and screen liner, thermal expansion in this area is not
considered a problem.

Line fabrication and support details in the feedline are also
shown. A multiple screen liner is formed by first joining alter-
nate segments of screen and spacer material. The width of these
segments is equal to the circumference of the layer. The result-
ing screen-spacer-plate sheet is formed into a cylindrical liner
by rolling it into the proper diameter and joining it to end rings
at each ¢«ud of the liner section. The outside screen layer seam
must be joined and sealed by resistance welding.
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Feedline bends are fabricated from a series of screen liner seg-
ments as shown in the tank feedline main view. Fabricating an
elbow segment is also shown in detail. The procedure is basically
the same as for straight liner sections except that curved screen
and spacer segments are used. Alsc a solid secti -u is incorpor-
ated int~ the spacer material and located on the oucside of the
bend to prevent inertial liquid dropout.

The liner is supported inside the feedline by a series of stand-
offs. Standoff geometry may vary according to the size of the
liner relative to the feedline. A triangular support would min-
imize heat leak without sacrificing structural stability. The
square supprrt shown is a thin metal sheet with a hole the dia-
metar of the liner cut in it. Four gussets are shown to give

the suppcrt added structural capability. The support may be made
of any suitable material, preferably having a low conductivity,
such as fiberglass to minimize heat shorts. As mentioned in the
design analysis, stainless-steel Dutch-twill 325x2300 mesh screen
was selected because of its supericr rressure retention. capabil-
ity and compatibility with the stainless steel feedline. Per-
foratnd 0.012-ce (0.005-in.) stainless steel shim stock was cho-
sen as the spacer and support material.

The OMS zod4 RCS feedline diameters for the capillary system are
the sum of the baseline diameters plus twice the vapor annuluis gap,
plus twice the liner thickness. The liner thickness is calculated
from the required layvers of screen and spacer material. Determin-
ations of the vapor annulus gap size must consider screen liner
thickness, vapor annulus volume requirements, and ease of fabri-
'+rion, as well as the weight penalty associated with increased

.eedline diameter. This weight is in addition to the liner and
support structure weight. The resulting annulus gap associated
with feedline diameters of 12.7 em (5 in.) and 11.4 em (4.5 in.)
for the LH; and LO; system were consistent with these considera-
tions.

A summary of detailed design data for the {ntegrated OMS/RCS cap-
illary feedline is shown in Table I11-13. Geometry and weight
considerations for both propellant systems are included. Tota)
weight, as well as that for individual components, is shown for
all systems. It is interesting to note the larger percentage of
total system weigli represented by the screen liner for the LH,
systems compared to LO; systems. The LH, CMS and RCS screen
liner accounts for approximately 26% and 15X, respectively, of
tke totat weight. For both L0, systems (OMS and RCS), only <%
of the total system waight is attributable to the capillary
screen liner. This is due to the significantly larger number of
screen layers rejuired for the LH, systems and shows the impor-
tance of minimizing the number of screen layers.
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Tatle III-13 Integrated CMS/RCS Capillary Feedline Detaiied Design Du.u

j LH, Lo,
GEOMETRY oMS RCS OMS RCS
Screen Liner:®
} ID, cm (in.) 10.2 (4 {10.2 (&) |10.2 (4 [0.2 (&
: 0D, cm (in.) 10.56 (4.16)110.36 (4.08)|10.3 4.01 {10.3 4.01
Vapor Annulus Gap, cm (in.)] 1.06 (.42){ 1.17 (.46)} 0.64 (0.25) 0.64 (0.25)
Feedline ID, cm (in.) 12.7  (5) 12.7  (5) 11.4  (4.5)|11.4  (4.5)
Q Weight, kg (1bm)
; Vacuum Jacket 139 (306) |23.8 (52.5) |34  (75) [22.7 (50)
; Insulation 17.5 (38.4) | 2.9 (s.4) ]| 8.3 (18.3)] 5.5 (12.2)
Feedline 34.9 (76.8) | 5.8 (12.8) |11.1 (24.5)] 7.5 (16.4)
Screen Liner 68.5 {(151) 5.7 2.6)] 2.9 (6.3)|1.9 (4.2)
E Supporting Structure 5.9 (13) 0.9 (@ 1.4 (3) 0.9 <(2)
Total 265.9 (585.2) |39.1 (86.3) |57.7 (127.1)|38.5 (84.8)

As discussed previously, maintaining the integrity of capillary
retention capability is important in the fabrication of any
capillary device. The same care and procedure should be followed
during fabrication of the feedline system as is used in construc-
tion of the storage tank system. This iacludes thorough bubble
point testing of the device as well as assuring the structural
integrity of all welds and attachments.
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RESULTS AND CONCLUSIONS

Designs for the acquisition/expulsion system of the integrated
OMS/RCS LH, and LO, systems ware prepared. Designs for both the
storage tanks and feedlines of the LO, and LH; systems are jn-
cluded. The acquisition/expulsion systems were designed to sat-
isfy all of the expected propellant expulsion and storage require-
ments of a tvpical integrated OMS/RCS duty cycle. This includes
gas—free liquid expulsions during the random accelerations of
several orbit-to-orbit maneuvers and during the high reentry ac-
celerations.

The designs presented are passive, lightweigh:, reliable, and
flexible. An experimental program was conducted using a repre-
sentative subscale LH; model, which verifiied some of the oper-
ational characteristics ot the designs in a l-g environment. Also
the ability to fabricate, assemble, and inspect these designs was
demonstrated by building and checking out a 1.78-m (70-in.) dia-~
meter screen liner and channel assembly under an IR & D program.
In addition, the Beech Aircraft Corporation (BAC) reviewed the
designs and found them to be completely adequate structurally and
found no significant problems associated with the cleaning, in-
spection, handling, and maintenance of these systems.

It can be concluded that the designs presented in this chapter are
capable of satisfying 211 of the varied mission duty cycles and
design criteria of the integrated OMS/RCS 10, and LH, systems.
Furthermore, confidence in the adequacy of the designs has been
gained through the experimental programs conducted under this study.
Additional design credibility was gained from a thorough design
review conducted by the Beech Aircraft Corporation. A ccaplete
development plan for these designs is cutlined in Chapter VI of
this volume.
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DEDICATED OMS (LN,) POINT DESIGN

The analysis and design of a Space Shuttle dedicated LO, OMS pro-
pellant management system makes use of much of the basic infor-
mation and the analytical tools presented in Chapter II. These
include screen wicking data, screen structural data, modeling of
system flow dynamics, and modeling of system thermodynamics.

Both a high-pressure and a low-pressure system were considered
for the system design. The lov pressuvre system was, in many wavs,
similar to those designs established for the integrated OMS,RCS
acquisition/expulsion systems presented in Chapter TII and much
of ~be analysis developed for the integrated OMS/RCS was also
appi.cable to the low pressure system discussed here.

DESTGN REQUIREMENTS AND CRITERIA

This section describes the Space Shuttle orbital configuration
and related vehicle/mission requirements, which were used to de-
sign the acquisition/expulsion device for the L0, tanks of the
Earth orbital maneuvering syctem (OMS). The requirements reflect
the most recent orbiter concepts available at the time of the
study.

General Requirements

A general consideration of earth storable propellants is presented
in detail in Volume V of this repcrt. This study concerns only
the LO; acquisition/expulsion design for a dedicated OMS system.
However, the general performance and design requirements for Space
Shuttle fueled with earth-storable propellant were considered
applicable. These are pumarized briefly below.

The systems were designed for ease of inspection, checkout, and
waintenance, including removal and reéplacement of parts. The
acquisition/expulsion devices were designed 'to operate satisfac-
torily throughout the range of acceleration and thermal environ-
ments anticipated during the Shuttle operation. The OMS propellant
management device was designed to function for a minimum service
life of 100 to 500 missions ov~tr a 10-year period. At least seven

days of self-sustaining lifetime was provided, with extended mission
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life capability of up to 30 days. The storage capacity of the
tanks was designed for 152 to 427 m/sec (500 to 1400 fps) delta
velocity propellants. The capability of receiving propellants
while on orbit was provided for. Table 1IV-1 shows the entire OMS

candidate propellant list, although only LO; was considered in
this study.

Table IV-1 Earth Storable OMS Candidate Propellunt

Performance
Specific Impulse

Mixture i;;: N-sec/kg
Oxidizer/Fuel Ratio (1bf-sec/1bm)
N,04/A-50 I 1.60 3070 (314)
N,0,/MMH -+60 3051 (312)
N,0,/NzHy 1.11 3090 (316)
L0, /A-50 1.33 3286 (336)
Lo, /MMH 1.43 3266 (334)
LO2/NoH,, 0.95 3296 (337)
L0,/ UDMH 1,68 3256 (333)
LO2/RP-1 2.63 3139 (321)
L0,/C3Hg 2.80 3217 (329)

Design Misgsions

Three specific missions were used as baseline for the dedicated
OMS system: (1) an easterly launch; (2) a polar launch; and (3)

a space station resupply. Table IV-2 shows the delta velocity
requirements for each of the three missions. Figures IV-1 through
IV-3 show the timelines for each of the missions.

Tankage Geometry

Table IV-3 lists the rank dimensions considered for the study and
shows the sizes of cylindrical tanks considered for the high
pressure systems, 172.5 N/ca? (250 psia). Low pressure systems,
with storage pressures near ambient, were designed for spherical
tanks of the same volume. Minimum ullage volumes of up to 52

were allowed to prevent c¢verpressurization due to propellant
expansion.
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Table IV-2 OMS Mission Requirements

Design--Easterly Launch Reference-~South Polar Launch Reference-~Resupply Mission, i
29,510 kg (65,000 1b) Payload 18,160 kg (40,000 1b) Payload 11,350 kg (25,000 1b) Payload A
(Required), 185 km (100 n mi), (Minirum), 185 kn (1O0 n mi), (Minimum), 500 ke (270 n mi),
7 days 7 days 7 days
LV m/sec ‘V m/sec :V m/sec
Function (ft/sec) Function (ft/sec) Functicon (ft/sec)
Circularization 27.4 (90) | Circularization 27.4 (90) | Phasing Burn 40.5 (133)
Terminal Phase 9.75 (32) | On Orbit 9.75 (32) | Orbit Correction 12.2 (40)
Initiation )
Deorbit Burn 76.2 (250} | Deorbit Burn 76.2 (250) { Orbit Correction 7.6 (25)
Fxcess 191 (628) | Excess 39.0 (128) | Phasing Burn 85.9 (282)
Phasing Burn 72.5 (238)
Orbit Correction 6.7 (22)
Terminal Phase 10.9 (36)
Decrbit 134. («60)
Excess 56 (184)
Total 304.8 (200C) | Total 152.4  (500) | Total 426.3 (1400)
Table IV~-3 Propellant Tankag. Requirements for OMS Propellant
Acquisition System
PFropellant Temperature Range Tank Length , L Tank Dismeter , D | Volume/Tank® *
Propellants °K *R n ft m ft n’ fr*
1. N 0./ASG ]275-3227272-322 | 495-580/490-580 | 3.87/3.84 }12.7/12.6 ]0.97/0.97 |3.2/3.2 | 2.60/2.55 | 92.0/90.2
2. N_O./Mim |275-3227255-322 | 495-580,/460-560 | 3.87/3.87 | 12.7/42.7 {0.97/0.97 [3.2/3.2 1 2.61/2.60 92.5/91.9
3. N v /N-H.|275-322/278-322 | 495-580/500-580 | 3.65/3.93 {12.0/12.9 ] 0.91/0,.97 | 3.0/3.2 | 2.20/2.8% | 77.9/99.4
4, LOX/H, 90-97/19-22 162-175/35-40 4,14/6,12 [13.6/20.1 ]1.03/1.52 ] 3.4/5.0 | 3.24/10.32 ) 114.7/165.0
5. LOX/CaM; |90-97/225-233 162-175/405-420 | 4.39/3.84 [1,.4/12.6 11.09/0.94 |3.6/3,1]3.77/2.52 ] 131.4/89.3
6. LOX/RP-1 }90-97/255-322 162-175/460-580 | 4.39/3.56 §14.4/11.7 [1.09/0.88 13.6/2,.9]3.77/2.03 | 133.1/72
7 X/MMH | 90-97/255-322 162-175/450-580} 4.02/3.90 { 13.2/12.8 | 1.00/0.97 13.3/3.2]2.94/2.67 | 104,1/94.5
8. LOX/N H, 190-97/.78-122 162-175/500-580 | 3.78/4.00 | 12.4/13,1 ]0.94/1.0013.1/3.3 | 2.41/2.85 | 85.2/100.7
9, LOX/a~50 }90-97/272-322 162-175/490-530 | 3.96/3,90 | 13.0/1..8 }1.00/0.97 | 3.3/3.2}2.82/2.66 § 99.7/94.2
10, LOX/UDYH |90-97/255-322 162-175/460-580 | 4.11/3.93 | 13.5/12 9 11.03/0,97 | 3.4/3.2 ] 3.13/2.72 | 110.9/96.3
*0OMS configuration has one fuel tunl and
one oxidizer tank in each of two modules. f b/2
D
( -
b1
4. Acceleration Criteria { &
i R
Acceleration criteria developed for this « udy, based on the best P
available information, were as follows: :
Translational Accelerations (OMS)--Minimum, 0.0216 g ?f
Max ~m, 0.0706 g i -

RCS Accelerations (in any direction)-- 2 thrusters, 0.0129 g :
4 thrusters, 0.0258 g :
6 thrusters, 0.0388 g
8 thrusters, 0.0517 g

Iv-3
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For purposes of the study, no more than four thrusters in any one
irection would be operated at any time. Directional acceleration
criteria were as follos:

¢
N
¢
»
.
$
.
-
»
£
Y

Pitch-Yaw, 0.0241 g
Roll, 0.00938 g

5. Thermal Criteria

The thermal criteria used for the dedicated OMS L0, system were
those criteria establishe” for the integrated OMS/RCS system ol
Chapter III. The steady-state environmental heating rate for the
tank was considered to be 1.58 W/m? (0.5 Btu/hr-ft2) and the
transient scakback hezt from the engine was considered to be 239
W/m? (76 Btu/hr-ft?).

T SgRg SRy W) SEAMAYS Wt VA | -

5. Propellant Utilization Criteria

The following propellant utilization requirements were considered
in designing the acquisition/expulsion system to provide gas-free
1i4quid on demand. It was designed to provide liquid expulsion
ingtantsneously without aliowing time for propellant setrtling
before expulsion. The liquid expulsion periods were assumed tc
vary from the minimum impuise bit of & sec to & singlc continuoue
outflow duratioa of 1000 cec or more. The system was designed

to provide any number of liquid expulsions for these durations
until propellant depletion and to assure the highest expulsion
efciciency. The design flowrates are shown in Table IV-4.

Tahle IV-4 Propellant Flow Rate Ranges for an OMS Propulsion

Module

ﬁo. kg/sac ﬁf. kg/e.c

(1bm/sec) (1bm/sec)
Propellants | Minimum Mayimum Minimum Maximum
1i90;,/A=50 3.11 (6.86) | 8.90 (19.6) | 1.94 (4.27) | 5.54 (12.2)
11204 /MR 3.13 (6.90) ! 8.94 (19.7) | 1.95 (4.31) | 5.58 (12.3)
N0, /NoH;, 2.6% (5.81) | 7.54 (16.6) | 2.38 (5.25) | 6.81 (15.0)
10,/A-50 3.% (7.85) ] 1.02 (22.4) | 2.03 (4.48) | 5.81 (12.8)
L0, /M08 3.6 (7.92) | 1.03 (22.6) | 1.95 (4.31) | 5.58 (12.3)
1.02/NaH,, 2.8 (6.16) | 8.0 (17.6) 2.41 (5.32) | 6.90 (15.2)
L0,/ UDM 2.3 (5.08) | 6.6 (14.5) 1.78 (3.92) | 5.08 (11.2)
W,/Rr-1 | 2.7 (5.98) | 7.8 (27.1) | 1.36 (3.01) | 3.90 (86)
102/C3Hy 3.0 (6.359) 8.5 {18.8) 1.27 (2.80) | 3.83 (80)
Hete: 15,50 N (3500 1bf) < 44,480 N (10,000 1bf).

CAREN 1B a T Ky ¢ WS

M Ev N e e TSR o )

et € R I ¥

e R

SR
T -
e A5

i

- g @

v i —



4 .
s R N N

DESIGN ANALYSIS

Both the low- and high-pressure L0, dedicated OMS designs are
analvzed. Emphasis in the low pressure design was placed on op-
timizing the syster: weight, whereas the major part of the high--
pressure analysis involved correct sizing of the trap system fo-
stabiiity and refilling.

_ow-Pressure System

The low-pressure LO, dedicated OMS propellant tanks were to be
designed in sphericali configurations. The approach was to d#sign
one tank for the largest LOo volume requirement shown in Table
IV-3. For LO, with methane, this volume is 3.77m3 (133.4 ft').
The equivalent volume is contained in a spherical tank with a
96.62-cm (38.04-in.) radius. However, a tank with a 96.62-cm
(38.09 in.) radius of exactly 3.79 md (134 £t3) volume was used
for the design comparisons. A true spherical liner inside this
tank, which would contain 95% of the tank volune (thereby leaving
a vapor annulus for the 5% ullage load), would have a radius of
95.09 em (37.44 in.).

The LO, tank for this dedicated OMS application is considerably
smaller than eitner the LH, or the LO, tanks of the integrated
OMS/RCS systems discussed in the preceding chapter. It was not
clear that the conclusions reached in Chapter III were completely
applicable to the smaller systens. Therefore, furicher analysis
of configuration impacts on system design were conducted to more
clearly define optimum syscems.

The first analysis was directed at determin:ng tc poesible lim-
itations on system geometry imposed by the 5" vapor anr:’us cri-
terion. Figure iV-4 comrarec the radius of a prlyspherc to the
radius cf a aphere of equa' volume. A polysphere ~cn* :iving 95%
of the tank volume cannot have a8 radius that exc .ci« .“.: radius
of the tank coniaining 1:. A sphere with a radi:s ¢' 95.09 em
(37.44 in.) xepresents the smallest geometric solil that can con-
tain the 95% volume. Thus, sny geometric figu:e such as a poly-
sphere with a finite number of sides will hav: a larger radius.
The ratio of the two limiting radii, 97.75:95.09 cm (38.09:37.44
in.), ie 1.017. This ratio represents the largest ratio of radii
which the system could accommodate. Figure IV-4 indicates that
the 95% volume polyspherical liner contained in che tank must have
more than eleven sides. This restriction establishes the lower
limit for further invest'gation.
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Figure IV-5 shows the largest polysphere tiat cruld be contained
within a specific sphere. The figure indicates that the largest
octosnhere that could be placed in the sphere would contain only
90.0% of the loadeu propellant. This percentage increases with
an increase in the number of sides. For example, a 20-sided
polysphere would hold 98.25% of the circumscrived tank volume.
Figure IV-5 again demonstrates that for 957% containment within
rhe device, the polysphere must have mor: than eleven siles.

The surface area of a screen device provides a good estimate of
system weight, because weight is generally directly proportional
to surface area  Figure IV-6 shows the effect the number of sides
of a polysphere nas on the surface area of the device when com-
pared with the spherical case of either the same voluma or the
same radic The figure shows that a polvsphere of eight sides
with a veolume equal to a sphere will have 4.54 wore surface area
than the sphere. The percentage is rtill greater than 1% with

a 16~sided polysphere,

These curves demonstrate the cvpected result that as the number

of sides of a polysphere increzse, the physical characteristlcs

of a sphere are more ciosely approximrted. However, the curves

are useful for quickly eliminating impractical design configura-
tions and estimating weights of proposed concepts.

From this point, the design analysis proceeded to an evaluation

of two related design features: (1) wicking distance between the
channels, and (2) the aspecL ratio of the channeirs. These two
design features are functionally related because the ccmbined
cross-sectional rlow area of the channels was F:1d constant for
each configuration stud’ed. The total flow area of the chaunels
was held constant so tnat the flow charu~terirstics ‘n the chanuels
would be approximately the same for a wide range of system con-
figurations.

The aspect ratio of the channels is defined, for purposes of this
study, as the ratio of the channel dimension in the circumferential
direction to the channel dimension in the radial direction. This
ratio is illustrated in Fig. IV-7,

For a specific number of channels and a fixed total cross-sectional
area, as the chaunel aspect ratio decreases ...e wicking distance

o: the distance between the channels must increase. Accordingly,

a set of condiciors could exist in which a low number aspect ratio
(nermally <1) would require a wicking distance in excess ot the
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wicking capability of the screen. Therefore, because there is
an upper limit on the distance a propcllant can wick in a par-
ticular screen, there is a concomitant lower limit on the aspect
ratio of the channels for any ccafiguration.

o A PRI QTG

E

»
b3
«
>

I+ 10 >| Liner

Ny

Aspect Ratio = 10 Aspect Ratio = 1/10

Chanael

Figure IV-7 Illustration of Aspect Ratio

The consideration of a wide range of channel aspect ratios re-
quired a basic assumption regarding system fabrication. With
channels having very large aspect ratios (on the order of 10), a
channel that included screen only on the inner and outer spher-
ical surfaces would have ample screen surface to assure small
pressure losses due to propellant flow into the device. Conversely,
for designs with low aspect ratios (aspect ratio <1), the screen
on the inner spherical surface adds littie to the total surface
area of the device. For this design, the sides of the channels
must be fabricated of screen to assure adequate screen area.
Therefore, it was assumed that all three interior surfaces of the
channels were composed of screen backed by perforated plate.

The designs were also assumed to be of all aluminum welded con-
struction, which is consistent with the design approach estab-
lished under tlie integrated OMS/RCS design effort. Communication
screens Were considered to be a single layer of 200x1400 aluminum
perforated plate. The channels were considered to be two layers
of 200x1400 aluminum Dutch-twill screen separated by the aluminum
perfcrated plate structural member. Weights of various systems
were determined based on these assumptions.

Several different channel configurations were investigated through
a range of wicking lengths. The wicking lengths represent the
spacing between the channels. The maximum spacing considered was
38.1 cm (15 in.) because the andlysis described in Chapter Il of

. this volume indicated 38.1 cm (15 in.) to be a maximum distance

1v-13
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for L0, wicking with the specified envirommental heat leak of

1.58 W/m? (0.5 Btu/hr-ft?). 1t should be noted that this wicking
distance was selected as a result of a preliminary wicking analysis.
Further wicking analyses (presented in Chapter I1), performed
subsequent to the design of the integrated OMS system, have shown
LD, to have additicnal wicking capability in 200x1400 Dutch-twill
screer. Therefore, the designs are somewhat conservative.

As a result of previous findings, no configurations were considered
that were less than 12-sided polyspheres; i.e., no fewer than 12
channels were considered. Figure 1V-3 shows the results of weight
comparisons for the different configurations. The figure illus-
trates two noteworthy trends for channel designs. The first is

that the fewer channels in the syscem, the lighter the optimized
design will tend to be. The second observation is that each channel
system, consisting of a fixed number of channels, has a well-defined
minimum weight value. These minima occur at different wicking
lengths for different numbers of channels, but these different
wicking lengths correspond to essentially the same aspect ratio

for all configurations. For this particular tank geometry, that
minimum weight aspect ratio is approximately equal to 2.

Investigations were made to determine whether an aspect ratio of

¢ was universally optimum. These investigations showed that each
tank system and each fabrication material has a unique optimum
aspect ratio. Moreover, as the total cross-sectional area of the
devices changes, the optimum channel aspect ratio changes also.
For example, for the hydrogen tank considered for the integrated
OMS/RCS system defined in Chap. II1I, the optimum aspect ratio -
for a stainless steel system was approximately 2.5. For the same
system fabricated of aluminum, the optimum aspect ratio was ap-
proximately 6. However, the weight deviated only about 0.908 kg
(2 1bm) (less than 1%) between aspect ratios of 4 and 10. Figure
IV-8 also shows that for the 3.8 m3 (134 ft3) LO, tank studied,
the optimum system weight increases approximately 0.18 kg (0.4 1lbm)
per channel and a representative system weight would lie in the
17.25 to 18.6 kg (38 to 41 1bm) range.

The volume of propellant contained in the acquisition/expulsion
device is an important concern because the smaller that volume,
the higher the expulsion efficiency. In terms of residual weight,
the volume contained by the device assumes added significance for
this desiga because of the high density of LO,. Each of the con-
figurations considered in this study was analyzed to determine
this residual weight.

Iv-14
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The impact of various combinations of channel number and spacing
was determined and results are shown in Fig. IV-9. The figure
shows that for each channel configuration there exists a maxiamum
residual weight that tends to increase as the number of channels
in the system is reduced. The individual maxima occur at aspect
ratios approximacely equal to unity, although these maxima occur
ac different channel spacings. Thus, the system hardware weight
minima and the system propellant residual weight maxima do not
occur at the same aspect ratio.

The curves in Fig. IV-9 tend to drop rapidly on the right-hand

side of the maximum values. This right-hand side is the ares

where aspect ratios are less than unity. This would seem to imply
that some significant weight savings, in terms of reduced residuals,
could be realized by selecting designs from this side of the curve.
However, the majority of the weights represented by this portion

of the curve are for configurations that would be impractical to
fabricate. As the aspect ratios become much less than unity, for
this design application, the circumferential dimension of the
channels becomes too small to make fabrication practical.

The effect of the various channel configurations on outflow ca-
pability was also assessed. It was determined that as the aspect
ratio decreased the flow rate capability increased. Figures IV-10
and IV-11 show how this phenomenon relates to the system hardware/
residual weight and channel spacing relationships. When the aspect
ratios of the channels are large (>>1) or small (<<1), the viscous
pressure losses due to flow of fluid in the channels comprise a
proportionally larger portion of the total available pressure
differential (determined by the bubble point of the screen) than
do the viscous pressure losses in channels of the same cross-
sectional area whose aspect ratios are closer to unity. However,
the total pressure losses are smaller for a given flow rate at a
smaller aspect ratio than they are at a larger one because of the
unique geometry of the channels as they form a manifold near the
tank outlet. Generally, the smaller the aspect ratio, the larger
the screen area available for flow into the device. Since flow
area through the screens comprises a large portion of the total
pressure drop in a system, the outflow rate capability is increased
8s the aspect ration decreases (Fig. IV-10 and IV-11).

Figure 1V-12 iilustrates the total weight of the systems inves-
tigated. This weight is the sum of the hardware weight and the
residual weight of the system. Also shown are lines approximating
the constant channel depths for the systems. These lines of
constant channel depth indicate that the variation in weight for

IV-16
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systems of varying numbers of channels with a 2.54-cm (1-1in.)
depth is only approximately 1.36 kg (3 1lbm). This difference
represents approximately 17 of the total weight of hardware and
residuals.

Because the weight difference between systems was not large,
arbitrary criteria became more important in the ultimate selection
of the system. Experience gained from fabricating various test
articles for the experimental phases of this program indicates
that some minimum channel depth exists below which fabrication
difficulties begin to offset other potentiul benefits. Therefore,
a minimum ctannel depth of 1.9 cm (3/4 in.) was selected.

Figure 1V-12 ghows that for a 1.9-cm (3/4-in.) channel depth the
weights range from 125 kg (276 lbm) for 12 channels to 127 kg
(279 1ibm) for 18 channels. Although the 12-channel design is
not significantly lighter chan any of the others shown, it is
more attractive from a fabrication standpoint. With fewer chan~
nels and sides of the polysphere liner, fewer welds must be made
to fabricate the device. From a fabrication cost standpoint,
this represents a potentially significant manufacturing cost
saving.

Therefore, the selected system {or the low pressure dedicated OMS
application consists of a dodecasphere (12-sided polysphere) screen
liner with a radius of 96.6 cm (38.02 in.). The device incorpo-
rates 12 channels, each 1.9 «m (0.75 in.) in depth, spaced approx-
imately 34.3 cm (13.5 in.) apart at the equator of the liner. The
liner is fabricated of 50X open, 0.75~mm (0.030-in.) aluminum
perforated plate with one layer of 200x1400 aluminum Dutch-twill
screen, The channeis are fabricated of 50% open, 0.76-mm (0.030-
in.) aluminum perforated plate covered with two layers of :lumi-
num 200x1400 Dutch-twill screen.

The flow rate capability of the selecled design is shown in Fig.
IV-13 for accelerations in both the plus and minus x directirn.
From Table IV-4, the maximum flow rate for LO, of 102.6 kg/sec
(226 lbm/sec) occurs when it is combined with RP-1. The mininum
rate is with hydrazine and 1s 6.6 kg/sec (14.5 lbm/sec). The
maximum flow rate can be accommodated at an acceleration rate of
0.044 g in the ~-x direction and 0.072 g in the +x direction. The
minimum outflow rate can be maintained at 0.078 g in -x and 0.096
g in the +x direction. The OMS-produced acceleration is always
in the +x direction and the capability of the system to function
in an acceleration environment exceeds the 0.0706-g (+x) OMS ac- ,
celeration criteria. Therefore, the design is sufficient for all
pruposed missions for which LO; is the oxidizer.

IvV-20
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The high-pregsure L0, dedicatea ™MS system delivers gropellant
to the using system at a tank pressure of 151.6 N/cm“ (220 psia).
Between outflow events, the tank pressure decays to the value
representing a saturated condition of the pripellant. The pro-
pellant tanks were analyzed using the computer models detailed
in Chapter II of this volume. /

A pressuve bhistory for the dedicated OMS LO, system using helium
pressurization on a representative Shuttle mission is shown in
Fig. IV-14. The “igure shoss that after the first pressurization
event, the pressure in the tank decays to a value of approximately
79.2 N/em® (115 psia). During the ensuing coast period of more
than five days, the environmental heat load causes the satuiation
pressure to increase to 96.5 N/cn? (149 psia). This coast period
is followed by other pressurization and outflow events at the
termination of the mission. Between each pressurization event,
the pressure again decays to a value only slightly higher than
the previous saturation pressure. The significant point to be
noted from Fig. IV-14 is that the tank pressure never reaches
151.6 N/em? (220 psia). If that pressure were reached, venting
of the tank would be necessary to maintain that pressure. There-
fore, for mission durations of seven days, it is not necessary to
vent the propeilant tanks.

A full tank screen liner is included in acquisition/exprlsion

designs to provide the capability of venting when necessary. But,

because venting is not needed in the high-pressure dedicated OMS

LOo tank, the need for a full tank screen liner is obviated.

Moreover, a tank without a full liner need not be spherical, so

the dedicated OMS LO, tanks for the high-pressure system were )
considered to be of cylindrical configuration with hemispherical

end domes.

With the exclusion of a full liner from the tank designs and the
requirement of the dedicated OMS tanks to outflow only during the
settling acceleration produced by the OMS engine, refillable traps
become attractive prepellant management candidates. The acceler-
ations produced by the OMS engine tend to settle the propellant
over the tank outlet. Thus, by positioning a screen trap over

the tank outlet, the dcvice can be refilled during an OMS maneuver.

The trap must be of a size sufficient to contain the volume of

propellant required to start the OMS engines and settle the bulk
propellant over the trap again. At that time, propellant from the
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bulk region can refill the trap and feed the OMS engine direcrtly.
For the dedicated OMS system this trap size is determined by the
amount of time required tc settle the remaining propellant for
the final OMS engine firing of the mission.

Of the three missions outlined in the design criteria, the easterly
launch mission presents the worst case for resettling because

only 317% of the original propellant remains onboard at .the ini-
tiation of the terminal OMS maneuver. The cylindrical OMS tank
dimensions are 1.1 m (3.6 ft) in diameter and 4.4 m (L4.4% ft) in
length including spherical end domes. Based on an initial 5%
ullage load and 317 propellant remaining immediately prior to
final OMS engine firing, the worst-case propellant orientation
would leave the liquid 302.5 cm (1iY.1 in.) from the tank outlet.
This distance assumes that the liquid has been settled at the tank
end opposite the outlet and has a flat interface.

For an orbiter having a weight of 85,000 kg (170,000 1bm) returning
to Earth with a 20,430 kg (45,000 1bm) payload and the remainder

of the OMS fuel load, the acceleration ar the initiation of the
final deorbit OMS burn would be 0,0272 g. The settling time can

be determined using the following eguation:

- o /2b -
t =1/ [(Iv-1]

where t = settling time, sec

T dimensionless safety factor

h

L]

settling distance, m (ft)

a vehicle's acceleration, m/sec? (ft/sec?)

For this missiun, the settling time is 4.76 sec. For a 1 value

of 2.0, the total settling time becomes 9.52 sec. At a flow rate
of 10.3 kg/sec (22.6 lbm/sec), the mass »f propellant the trap
must contain is 97.6 kg (215 1bm). This .'ass requirement assumes
a trap configuration that is completely stable at all times except
during refilling. Because there may be anceleration anomalies
that could cause mcmentary Screen instabilities and loss of liquid
from the trap, the device volume was arbitrarily increased by one-
third to contain 130.3 kg (287 1lbm).

One advantage of trap systems is the possibility of modular in-
stallation. This type of fabrication allows easy removal and in-
spection. DModular installation can be acqopplished by making the
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trap an integral part of a2 tank access cover which bolts onto a
flange in the tank dome. From a design standpoint it is desirable
to limit the size of the tank port covered by the tank access
cover to a diameter half that of the tank diameter. Therefore,
the trap diameter was also limited to a diameter of half that of
the tank diameter. For the dedicated LO, OMS tank the trap diam-
eter was fixed at 54.8 cm (21.6 in.). To contain the reauired
130.3 kg (287 1bm) of LO; the trap must have a height of 44.7 cm
(17.6 in.). The basic dimensions of the trap installed in tie
tank are shown in Fig. IV-15.

The trap is fabricated of aluminum screen and perforated plate.

A liquid outflow annulus is included in the trap and liquid flows
from the trap bulk region into the annulus. The liquid annulus
is connected directly to the OMS feedline to provide the outflow
path. The screen forming the liquid annulus is a single layer

of 200x1400 Dutch-twill aluminum backed by 50% open area aluminum
perforated plate. The trap cover is fabricated in a similar man-
ner of 165x800 Dutch~twill screen. This coarser mesh screen on
the trap cover has a lower bubble point and provides a preferential
path for vapor ingestion into the trap bulk region rather than
into the liquid annulus. This phenomenon would be possible only
during the short time when liquid is being expa2lled from the trap
before the tank bulk propellant has settled over the trap. The
trap screens are stable during all maneuvers of the RCS system
and will refill only during an OMS maneuver.

The tube extending above the trap cover is the trap vent ube.

The holes in the top of the vent tube have been sized to .e stable
vader lateral (RCS) accelerations, but unstable during an OMS-
produced acceleration. During an OMS engine firing, the holes in
the vent tube first allow pressurant to enter the trap, forcing
liquid out of the device. When the trap is covered with liquid
after settling is complete, the holes in the vent tube allow vapor
to be vented from the trap as propellant flows into the trap through
the trap cover. The vent tube can be fabricated of solid material
because a screen vent tube would offzr little, if any, additional
benefit or capability to the design. The length of the vent tube
is determined by the hydrostatic head required to cause the holes
in the top of the tube to be unstable when propellant is settled
over it during an OMS maneuver.

One advantage of refillable trap systems is their relatively light
weight. Moreover, the trap design proposed here may be removed
from the tank. The trap shown in Fig. IV-15 would weigh approxi-
mately 3.17 kg (7 1bm). This represents less than 0.1% of the
total LO; loaded into the tank.
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Offloading Considerations

As noted in the integrated OMS/RCS discussion in Chapter III,
offloading requirements present some special problems for capillary
acquisition/expulsion systems. In particular, designs incorpora-
ting nonrefillable channel designs (such as the low~pressure sys-
tem design) cannot be offloaded more than a few percent and still
remain full during the relatively high-g launch.

To accommodate the offload requirement in the low-pressure system
if it should be necessary, a truncared channel system in a cylin-
drical tank configuration would be a feasible option. A schematic
of this design is shown in Fig. 1V-16.

As seen in the figure, this concept is a basic dual screen liner
variation which encloses a volume equivalent to the smallest an-
ticipated total propellant load for the tank. For maximum off-

loading, all of the propellant can be contained within this de-

vice at launch. For a lesser degree of offloading, some of the

propellant will not be initially contained in the device.

The device incorporates a partial liner and channels into a system
that can be both vented and refilled. The top of the device in-
cludes a coverplate, which serves as the coverplate on the re-
fillable trap and allows liquid to refill the bulk region of the
device durin~ an OMS—-produced acceleration. The channels also
extend acr.ss the coverplate so that communication is possible
between the settled bulk propellant not included in the device

and the outlet. This feature allows outflowing of propellant

even though it may momentarily not be included inside the trun-
cated liner volume.

For the high pressure system, the trap design can accommodate
any anticipated offload.

DETAM.ZD DESIGN

Jetailed design drawings of the proposed dedicated OMS LO, systems
have been omitted from this chapter because we included detailed
designs for tle integrated OMS/RCS in Chapter III. These are some-
wha* larger than the system considered here, but are very represen-
tative of the design and fabrication techniques necessary to produce
tke challer liner/channel system for the dedicated OMS, It should be
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noted that the channel system selected here is nearly identical
to the 177.8 cm (70-in.) channel system fabricated under an IR&D
program. Fabrication and design details of this system are dis-~
cussed in considerable detail in Volume III. All the information
necessary for a detailed design of a channel system is available
from these sources.

A trap detail design is presented in Chapter V and includes the
detailed design drawings. Additionally, the refillable trap de-
sign, presented here, was largely based on the significant effort
devoted to the Earth-storable propellant system studies of Volume
V. This effort has also developed more details for the design

of refillable traps in addition to other systems. These efforts
make the presentation of detailed designs here redundant.

RESULTS AND CONCLUSIONS

Designs for the acquisition/expulsion system of the dedicated
OMS/RCS LO, system were prepared. The designs include configura-
tions for both high-pressure and low-pressure systems. The
acquisition/expulsion systems were designed to satisfy all of

the anticipated propellant expulsion and storage requirements of
a typical dedicated OMS LO, system duty cycle. This includes
gas-free liquid expulsion during the acceleration of several
orbit~to-orbit maneuvers. The designs are passive, lightweight,
reliable, and flexible. The ability to fabricate, assemble, and
inspect these designs was demonstrated by building and checking
out a 177.8 cm (70-in.) diameter screen liner and channel assembly,
nearly identical in design to the system proposed here, under an
IR&D program.

It can be coacluded that these designs are capable of satisfying
all the varied mission duty cycles and design criteria of the
dedicated OMS LO; system. Furthermore, confidence in the adequacy
of the designs was gained through the experimental programs de-
scribed in Volume III. Additional credibility in the designs was
gained from a thorough design review conducted by the Beech Afr-
craft Corporation.
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SPACE TUG POINT DESIGN

The Space Tug is a proposed unmanned, reusable vehicle to be
carried into a low Earth orbit within the cargo bay of the Space
Shuttle Orbiter. It is expected to be operatiomal at approxi-
mately the same time as the Orbiter. The configuration, which
uses a liquid hydrogen/liquid oxygen propellant combination, is
being considered as an operational version of the Tug. Because
of the strong candidacy of the Space Tug as an operational ve-
hicle, the evaluation of its cryogenic propellant storage and
feed system was considered appropriate to complement the two
Shuttle orbiter designs presented in Chapters IIl and [V,

The method of approach for this point design was consistent with
those just mentioned. First, the Tug design requirements and
mission duty cycles were identified. This was followed by re-
viewing the NASA Space Tug baseline designs (Ref V-1) and also
the Tug point design studies (Ref V-2 and V-3). A preliminary
study selected the Martin Marietta cryogenic acquisition/expul-
sion gystems for further evaluation from the candidate systems
presented in Chapter Il. After applying the Tug design criteria
and mission requirements, a detail design analysis was conducted,
which yielded a detailed design. The Martin Marietta designs
were compared with the NASA baseline design.

MISSION AND SPACECRAFT CRITERIA

The Space Tug 1is carried into a low earth orbit within tn2 cargo
bay of the Space Shuttle Orbiter. It separates from the Orbiter
and continues to a higher orbit to deploy and/or retrieve a pay-
load. After deployment and retrieval, the Tug returns to the
Shuttle Orbiter fcr the return flight to earth. It is a reusable,
unmanned, and remotely controlled spacecraft. Some of the criteria
used to design the Tug are presented. All of this information

was derived from NASA's baseline Tug document (Ref V-1).

General Design Guidelines

The following general guidelines and operational ground rules are
considered important for the design of the propellant storage and
feed system.
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1)

2)

3)

4)

1)

2)

3)

General Guldllne.:

Advanced materials and concepts are used, assuming a 1976
technology.

The Tug is designed for a successful mission completion proba-
bility of 0.97. This reliability figure does not account for
any degradation that might be caused by Shuttle or payload
failures and does not consider the possibility of completing
a mission in a degraded mode or using additional support from
the ground or from Shuttle.

The Tug is designed as an integral vehicle with ncne of the
subsystems designed to be removable as a kit or single unit.

In a mission-abort mode (Shuttle once-around abort only) while
the Tug is still in the Shuttle payload bay, the Tug is capa-
ble of dumping its propellants and safing the subsystems for
safe reentry and landing.

Operational iround Rules

The Tug is designed for ground-based operaticn with all pro-
pellant loading, payload/Tug assembly, maintenance repair,
and refurbishment to be done on the ground. The only orbital
operations are Tug undocking and redocking with Shuttle and
payload, and minimum functional testing of the Tug before
separating from the Shuttle.

The Tug is designed for an on-orbit staytime of six days un-
attached from the Shuttle. It is designed to stay one addi-
tional day in the Shuttle cargo bay in a standby condition
during earth-to-orbit ascent and orbit-to-earth descent for
a total of seven days.

The Tug is Jesigned for the following operational require-
ments:

a) To separate from the Shuttle at 296.3 km (160 n mi),
28.5-deg with a 1362 kg (3000 1lbm), 4.57x7.62-m (15x25-ft)
payload attached; ascend to a geosynchronous orbit; deploy
the payload; retrieve a 1362 kg (3000 1bm), 4.57x7.62-m
(15%x25-ft) payload within 7408 km (4,000 n mi) of the de~
ployed payload; return to the Shuttle with the retrieved
payload; redock with the Shuttle and return to earth.

V-2
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b) To separate from the Shuttle at 296.6 km (160 n mi),
28.5-deg with a 3623 kg (7980 1bm), 4.57%x7.62-m (15x
25-ft) payload attached; ascend to geosynchronous orbit;
deploy the payload; dock and return.

c) To separate from the Shuttle at 296.3 km (160 n mi) with-
out a payload; ascend to geosyuchronous orbit; rendezvous
and dock with a 1911 kg (4120 1bm) payload; return with
that payload to the Shuttle.

4) The Tug (without propellant) and its payload will be installed
in the Shuttle cargo bay. The Tug is designed to be iustalled
with the Shuttle either horizontally or verticaily. Detailed
checks ou the Tug and payload are to be performed to installa-
tion.

5) The Tug is designed to remain in the Shuttle cargo bay in a
safe condition for a maximum of 24 hr after landing, at which
time it will be removed and returned to a maintenance refurbish-
ment area.

Performance Requirements and Mission Duty Cycle

The vehicle performance requirements and mission duty cycle that
were used to design the Tug propellant storage and feed systems
are discussed here.

a. Delta V Budget - The delta V budget shown in Table V-1 was
used for the baseline Tug mission. The baseline Tug mission as-
sumes that a payload is deployed and retrieved at geosynchronous
sltitude 3.58x10" km (19,364 n mi) and that the deployed and re-
trieved payloads are separated by some angular distance. For this
mission, a retro delta V of 15.2 m/sec (50 ft/sec) is imparted to
the Tug after deployment in order to accomplish retrieval.

The gravity losses incurred during a thrusting maneuver are a
function of the vehicle weight, payload weight, and engine thrust.
For the point design, the initial Tug weight is assumed to be
1.20x105 kg (65,000 lbm) and the engine thrust is 44,400 N (10,000
1bf).
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AV Budget dgwilorial Synchronous drbii

Event

AV m/sec (ft/sec)

Main Engine

Orbit
Maneuver

APS

Separate from Shuttle at

296 km (160 n mi)
Perigee Burn

Gravity and Turning
Losses

Midcourse Correcticn
Apogee Burn

Gravity and Turning
Losses

Stationkeeping
Deploy Payload

Inject into Phasing
Orbit for Ret-ieve
Payload

Retrieve Payload
Deorbit

Gravity and Turning
Losses

Midcourse Correction

First 314.8-km (170-n
mi) Perigee Burn

Gravity and Turning
Losses

Circularization at
314.8-km (170-n mi)
Burn

Terminal Rendezvous

Dock with Shuttle at
314.9-km (170-n mi)

Contingency (2%)

2447 (8,030)
94.4 (310)

1785 (5,858)
3.048 (10)

1784 (5,854)
2.13 (D

2331 (7,649)

7.62 (25)

112 (368)

171 (562)

30.48 (100)

30.48 (100)

30.48 (100)

3.04 (10)

15.2 (50)

9.14 (30
3.04 (10)

4.57 (15)

15.2 (50)

4.57 (15)
3.04 (10)

Total

8739 (28,673)

91.4 (300)

57.9 (190)
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b. !Miseion Fro; le wul Wimeline - The orbital operations time-
line that satisfies the delta V budget is presented in Table
V-2, The Tug is used to deploy a payload, retrieve a different
payload from the mission orbit, and return and dock with the
Shuttle Orbiter in a 314.8 km (170 n wi) orbit. The payload to
be retrieved could not exceed a 7408 km (4000 n mi) distance
from the Tug at the start of retrieval.

The timeline describes the events, time duration and delta V re-
quired to perform the events. Also, the propulsion system used

to perform each event and the propellants consumed and remaining
are identified. The propellant consumption schedule is consistent
with the delta V budget, propulsion system performance rcaouire-
ments, and the baseline Tug weight requirement:s. The maxtimum
mission of the Tug from liftoff to return to the launcn site is
seven days.

Propulsion System Characteristics and Requirements

The Tug has two propulsion systems--the main propulsion system
(MPS) perfoims the large delta V maneuvers and the auxiliary
propulsion system (APS) performs the required attitude control
maneuvers. The general requirements and limitations of the MPS
and APS are described in the following sections. Operating char-
acteristics and performance requirements for each propulsion
system are also discussed.

a. General - The Tug MPS and APS are designed to satisfy the
following requirements and limitatioms.

1) No direct physical interface exists between the Tug propulsion
system and the payload.

2) While in orbit after separation from the Shuttle, the Tug
propulsion system will provide attitude control for the Tug
with or without payload. The Tug will not provide attitude
control for experiment pointing.

3) No propellant sharing will exist between Tug and the payload.

4) "he Tug can be loaded with propellants, pressurants, and other
fluid reaccants while in the Shuttle cargo bay on the launch
pad. Thia is accomplished through fill and drain systeme that
are separate from those of the Shuttle, but accessible with
Shuttle on the pad in the vertical position and with the pay-
load doors closed.
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{ 15)

16)

Propellant loading will be accon;' :ed in such a manner that
no contaminants are introdved - “he Shuttle cargo bay.
Tr,e Tug engine cowpartment cu - - urged by conditioned gas
wiile in the Shuttle carto b« - the launch pad.

The 3uy w:'L he carnle ..ty venting propellant beiloff
gases wiriic on the laud o 4, during launch and flight, in
orbit, and during ir1eeni.v <itile still in the Shuttle carpo
bay.

In the event of aboit, tiw Tug can safely dump propellants

before Shuttle Orbiter landing. Propellant dump provisions
are provided only during the orbital cvast phase of an abort-
to-orbit mode. Acceleration for Tuy propellant settling is
provided by Shuttle.

The propulsion system of the Tug will be remotely checked out
while in the cargo bay before launch and while in orbit before
separation trom the Shutcle.

No propellant sharing will exist between Tug and Shuttle.

Tug propulsion system prestart functions will be accomplished
after deployment, but before Tug and payload/Shuttle separa-
tion.

All Tvg propulsion systems will be required to be in a safe
condition before reeatry from orbit in the Shuttle.

After retrieval from orbit, the Tug propellant vent and purge
interface will be reestablished.

Before reentry, the Tug propellant tanks will be purged of
residuals. Purge gases will be stored in the Shuttle cargo
hay.

Contaminants from the APS thrusters do not impinge harmfully
on the payload.

The MPS and APS will be designed to meet fail operational/
fail-safe criteria.
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. MBS Crerating Characzterisiics and Regiirerments - For the

Space Tug point design study, a single aidvanced state-of-the-art
high-perfrrmance LO,/LH; engine was baselined. The engine char-
acteristics are presented in Table V~3. The engine has a variable
thrust and an idle mode capability. For the large delta V maneu-
vers, the full engine thrust level is used. For intermediate delta
V maneuvers, the engine is throttled down to 20% of full thrust.
The reduced thrust operation eliminates extremely short burns that
would occur if the full thrust mode was used. A pressure-fed idle
mode is utilized for turbopump and thrus: rhamber chilldown befo~e
start. For this operational mode, a low chamber pressure [less
than 6.89 N/cm? (10 psia)] prcduces a thrust of 63 1bf.

Tatie =2 O MPS Operaiivg Characteristics and Requirements

4

Propellants Liquid Oxygen/lLiquid Hydrogen

Engine Thcusv 100%/20% 44,480/8,896 (10,000/2,000 1bf)
Pressur: Fed Idle Mode Thrust 280.2 N (63 1bf)

Nominal Engine Mixture Ratio 60:1

Engine Chamber Pressure 1268 N/cm? (1840 psia)
Specific Impulse at 100% Thrust| 470 sec

Specific impulse at 20% Thrust | 460 sec

Liquid Hydrogen NPSH 4.57 m (15 ft) of LHp
Liquid Oxygen NPSH 0.609 m (2 ft) of LO, -
LH, Tank Operating Pressure 15,16 + 1 N/em? (22 + 1.5 psia)
L0, Tank Operating Pressure 13.8 +1 N/em? (20 + 1.5 psia)
LHo Tank Venting Pressure 15.5 N/cm? (22.5 psiu)
L0 Tank Venting Pressure 14.1 N/cm? (20.5 psia)
1H; Flow Rate 1.61 kg/sec (3.55 1lbm/sec)
L0, Flow Rate 8.06 kg/sec (17.75 lbm/sec)
V-8
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The engine is equipped with boost pumps for both propellants to
allow NPSH of 4.57 m (15 ft) for LH, and 0.61 m (2 £t) for LO,.
The tank operating pressures are 15.2 (22 + 1.5 psia) for the
LH, tank and 13.8 + 1 N/cm? (20 + 1.5 psia) for the LO; tank.
The vent relief settings for the vent valves are 15.5 N/cm?

(22.5 psia) and 14.1 N/cm? (20.5 psia) for the LH, and LO; tanks,
respectively.

e. APS Operating Characteristics and Requirements ~ The APS
operating characteristics and requirements are summarized in
Table V-4. This system provides the required thrust and total
impulse to (1) maintain vehicle attitude control, (2) perform
stage delta V maneuvers for mid-course corrections, (3) perform
translational maneuvers during rendezvous and docking, and (4)
perform vehicle and sensor pointing as required.

The APS has 16 thrusters with 132 N (30 1bf) thrust each, mounted
in clusters of four at 90 deg intervals around the stage circum-
ferauce. The thrusters operate on gaseous hydrogen and oxygen
at a mixture ratio of 4:1. Pitch, yaw, and roll control is pro-
vided by firing appropriate pairs of thrusters. Translation is
obtained by firing pairs or quadruplets. The total maximum im-
pulse available from the APS is 780,624 N/sec (175,500 1bf/sec).

Table V-4 APS Operating Characteristics and Requirements

Propellants Gaseous Oxygen/Gaseous Hydrogeﬁ

Number of Thrusters 16 (4 clusters of &4 each)

Thrust Level 132 N (30 1bf per thruster)

Specific Impulse 380 sec

Total Impulse Size 780,624 N/sec (175,500 1b/sec)

Mixture Ratio 4:1

GO, Flow Rate, maximum* | 0.113 kg/sec (0.25 lbm/sec)

GH, Flow Rate, maximum* | 0.036 kg/sec (0.08 lbm/sec) %

*The maximum flow rates occur (Ref V-2) when four thrusters !
are fired simultaneously. The flow rates also consider mass 3
requirements for the propellant conditioning gas generators.

V-9
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d. Acceleration and Thermal Characteristics and Requirements -
The mission acceleration and thermal environments affect the de-
sign of the propellant storage and feed system. The acceleration
levels and thermal characteristics that were used in evaluating
and designing the Tug propellant storage and fer:i systems are pre-
sented in the following paragraphs.

1) Acceleration Envircnment - The Tug acceleration environment
is determined by the propulsion system thrust levels and vehicle
weight. 1In order to define the acceleration environment as a
function of the mission timeline, it is necessary to know the
variation of the vehicle weight during the mission. In addition
to the propellant consumption schedule given in Table V-2 a
summary of the Tug weights used to calculate the acceleration
enviornment is presented in Table V-5.

Table V-5 CSvace Tug wWeight Summary

—

Total Tug Weight with 1262 kg (3000 29,510 kg (65,000 1bm)
1bm) Payload

Tug Burnout Weight, Including Residuals,| 2814.8 kg (6200 1lbm)
But Not Payload

Payload Weight

Deploy and Retrieve Payload 1362 kg (3000 1bm)
Deploy Only 3623 kg (7980 lbm)
Retrieve Only 1911 kg (4210 1bm)

A summary of the acceleration environment is presented in Table
V~¢. The maximum acceleration during a MPS event is 1.51 g,
which occurs at the end of the burn to circularize into 314.8x
314.8-km (170 by 170-n mi) orbit without a payload. The minimum
acceleration during a MPS event is 0.092 g, occurring at the
start of the first throttled (20Z thrust) burn. All of the MPS
thrusting maneuvers produce accelerations in the axial direction,
which settle propellants in the aft end of the tanks. The APS
thrusting maneuvers produce accelerations in any direction. A
maximum APS acceleration of 0.02 g occurs during a tranaslational
maneuver with four thrusters firing and also during rotational
maneuvers.

v-10
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Table V-6 Jwanuy o) Space Tuwg Aceclerations

Main Propulsion System

Maximum Acceleration in Forward Direction 1.51 ¢
Minimum Acceleration in Forward Direction 0.092 g

Auxiliary Propulsion System

Maximum Acceleration in Any Direction 0.02 g

2) Thermal Enviromment - The Tug thermal environment is determined
by the baseline design of the thermal protection system outlined

in Ref V-1. Using the information presented in Refs V-1 and V-2,
the important heating rates and thermal protection parameters were
identified and used to establish an overall heat flux for each
storage tank. The overall heat flux is used to evaluate and de-
sign the »ropellant storage system, specifically, the pressuriza-
tion and venting anal -ses.

The baseline Tvg thermal protection system for the main LO; and
LH, tanks is a multilayer insulation (MLI) concept using two
blankets with 10 1 yers each of perforated goldized Kapton and
Dacron net spaces. A Nomex mesh tension membrane is used as the
purge bag over the insulation. Each strut of the fiberglass tank
support system is covered with one blanket of MLL to minimize the
heat leak. In addition to the MLI on the main tanks, the dedi-
cated APS tanks (located inside the LO; and LH; tanks) are insu-~
lated with foam to isolate them from the m.in tanks. The LHy; MPS
feedline has a 6.09 cm (2.4 in.) inside diameter. From tle tank
to the engine inlet, the feedline is wrapped with an additional
blanket of MLI and purged with helium. The LO; MPS feedline has

a 7.36 cm (2.9 in.) inside diameter and is wrapped with teflon
tape. The APS feedlines are vacuum~jacketed stainless steel with
1.27 cm (1/2 in.) inside Aiameter. Both the APS feedlines and the
1H, MPS feedline have heat exchanger tubes through which a con-
tiauous flow 1.081 kg/hr (0.18 lbm/hr) of hydrogen is maintaineu
to keep the lines chilled. A summary of the Tug thermal character-
istics is presented in Table V-7.

V-1l
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Table V-7 JUpace “uy Thermal Charactericlic:

Main Propellant Storage Tanks

Net Spacers

pk

Insulation Weight: LH; Tank
LO, Tank

Tank Supports Heating Rate:

MPS Feedline Heating Rate:

Overall Heat Flux,

0.

APS Storage Tanks

Insulation Weight: LH, APS
LO2 APS

Insulation: Multilayer Double Goldized Kapton with Dacron

Configuration: 2 Blankets, 10 layers each

Insulation Performance: k
eff

eff

I\
L]

Estimated in Chapter IV: LH; and LO2 tanks,

(0.1 Btu/ft2-hr)

Insulation: Spray Foam on Tanks

1.90x10™°% W/m?-K (1.1x19~3
Btu/hr-ft-°R)

4.35x10-7 W-kg/hr-m"-°K
(3.4x10"° Btu-1lbm/hr-ft%-°R)

0.05

80.35 kg (177 1bm)
= 38.6 kg (85 1bm)

LHy Tank, 1.43 W (5.0 Btu/hr)
LO» Tank, 2.93 W (10.0 Bru/hr)

LH; Tank, 1.43 W (5.0 Btu/hr)
L0, Tunk, 0.586 W (2.0 Btu/hr)

315 W/m? -

Tank = 5.0 kg (11 1bm)
Tank = 2.72 kg (6 lbm)

v-12
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B. NASA BASELINE PROPELLANT STORAGE AND FEED SYSTEMS DESCRIPTION

The propellant storage and feed systems include all of the sub-
assemblies required to store and deliver liquid propellants to
the MPS engine and the APS propellant conditioning units. This
section describes the propellant storage and feed systems for
the Space Tug MPS and APS that were baselined in Ref V-1. Addi-
tional information on the propellant storage and feed systems
was obtained from Ref V~2 and V-3.

1. MPS Propellant Storage and Feed System

The general schematic of the MPS 1.0, and LH; storage and feed
systems is shown in Fig. V-1. The MPS storage tanks and the
feedline systems are described in the following paragraphs.
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a. Storage Tank - The storage tank includes all the pressure
vessels and associated hardware required to maintain and deliver
liguid propellants at the required temperatur' ; and pressures to
the MPS engine. Included as part of the storage tank are sub-
systems such as the tankage, thermal protection systems, pres-—
surization, acquisition/expulsion, venting and propellant utili-
zation. The thermal protection was described previously.
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1) Tankage - The LH; tank is a cylindrical, 2014-T651 aluminum
alloy tank, 416 cm (164 in.) in diameter with hemispherical bulk-
heads. The LO, tank is an ellipsoidal structure consisting of !
welded 2015-T651 aluminum alloy bulkheads. The tanl: volumes are
53.8 m3 (1904 £t3) and 20.0 m3 (707 ft3) for the LH, and LO, tanks,
respectively. The tanks are sized to store a capacity of 3639 kg
of (8,013 1bm) of LH, and 21,741 kg (47,889 1lbm) of LO, with 5%
initial ullage in each tank. The weight of two tanks is 161 kg
(355 1bm) and 140 kg (310 lbm) for the LH, and LO; tanks, respec-
tively.

TR VPP NFOP

2) Propellant Acquisition/Expulsion and Venting - Reference V-1
states that in-orbit venting is not anticipated during the low-g .
coast periods. However, before some of the engine burn pe:iods, '
venting will be required to cool the main tank propellants and 5
maintain the proper NPSH at the pump inlats. This in-orbit vent- ;
ing will be accomplished after main tank propellants are settled i
by an idle mode operation of the main engine.
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The idle mode operation uses propellants from the APS tanks to
cool the MPS turbopumps and main engine thrust chamber. The pro-
pellants are then ignited to produce 280.2 N (63 1bf) thrust.

The total time available for this operation is 145 sec. A total
time of 45 sec is allocated for clearing the provellants from the
vent ports and 45 sec is allocated for tank repressurization. The
remaining 65 seconds &r2 available for the venting operation. The
gas-free liquid expuls.on is accomplished following the settling
of the main tank propellunts over the outlet. The total mass of
propellants required for the idle mode operation during the Tup
mission is 56.8 kg (125 lbm).

3) Pressurization System ~ The pressurization system is autogen-
ous and obtains pressurants from the APS gas accumulators. Pres-
surant temperatures are 166.8°K (300°R) and 278.0°K (500°R) for
GH, and GO, respectively. The tank operating pressures are

15.17 + 1.0 N/cm? (22 + 1.5 psia) for the LO, tank and 13.8 + 1.0
N/cm? (20 + 1.5 psia) for the LH, tank.

4) Propellant Utilizalion System - A closed-loop propellant
utilization system minimizes the propellant residuals. The sys-~
tem uses compacitance probes located inside the main propellant
tanks to continuously monitor liquid levels during burn periods.

b, MPS Feedlines - The feed system consists of the ducting and
valving required to route propellants from the tanks to the
engine. The LH, feedline has an inside diameter of 6.1 cm (2.4
in.) and is wrapped with multilayer insulatior. A hvdrogen heat
exchanger 1s used to remove heat from the feedline to maintain
liquid at the engine interface. The heat exchanger comsists of
6.35 mm (1/4~in.) of tubing brazed to the feedline wall. The
L0, feedline has an inside diameter of 7.36 cm (2.9 irn.) and is
wrapped with Teflon tape. BRecause of its short length, no pro-
pellant conditioning i{c required for the LO, feedline. The LO;
feedline length is estimated to be 0.457 m (1.5 ft) and LH; feed-
line length is apprcximately 6.70 m (22 ft).

APS Propellant Storage and Feed System

The APS propeilant storage and feed system is compietely inde-
pendent of the MPS storage and feed system. The APS propellant
storage and feed syst:m maintains and delivers liquid propellants
to the inlet of the APS propellant conditioning units, which
condition the propellants for recharging the GH, and GO, accumu-
lators. The accumulators provide gaseous propellants to the APS
thrusters and pressurize the main propellant tanks before and
during a main engine burn. In addition, the APS storape and

V-15

LR

WLV b s

£
;
:
{
!
!
¥
‘
:
H
3
i
!
¥




g e AY AN A w o v

A e

feed system supplies liquid propellants to the main engine during
the idle mode operation and liquid hyd:-rogen for LH, feedline, APS
feedline, and turbopump cooling. The general schematic for the
APS storape and feed system is shown in Fig. V-2.

a. Storage Tank Design - The APS propellants are stored in in-
sulated tanks mounted on the inside bottom of the MPS tanks.

The cylindrical LH, APS tank is approximately 183 cm (72 in.)
long with a diameter of 122.1 cm (48 in.). The LO, APS tank is
also cylindrical, and has a diameter of 76 cm (30 in.) and a
length of 92.2 cm (36.3 in.). Both tanks are insulated with
foam that weighs 5.0 kg (11 1lbm) and 2.7 kg (6 1bm) for the LH,
and LO, APS canks, respectively. The weights of the APS propel-
lant tanks are 24.9 kg (55 1t~) and 13.6 kg (30 1bm) for the Lk,
and LO, tanks, respectively.

Propellant acquisition/expulsion devices are mounted inside the
APS tanks to provide the gas-free liquid expulsion during low-g.
The devices use capillary screens that are configured in a basket
or trap arrangement at the bottom of each tank. The trap can be
refilled with APS propellants under the main engine acceleration
environment. The trap volume is sized for worst-case propellant
usage between refills. The weights of the screen devices are
10.8 kg (24 1bm) and 4.08 kg (9 1lbm) for the APS LH, and Ly,
tanks, respectively.

The APS tanks are pressurized using gaseous helium. A 0.05 m3
1.75 ft3) spherical tank is used to store the helium at 2068
N/cm? (3,000 psia) within the APS LH, tank. The helium pres-
surar. - for the LOp APS tank is routed through a heat exchanger
in the LO, MPS tank to raise its temperature to that of liquid
oxygen before it enters the tank. The helium pressurant for
the LH, APS tanks enters the tank at the normal helium storage
temperature. The helium storage container is titanium and
welghs 13.16 kg (29 1bm). The total mass of stored helium is
approximately 9.62 kg (21.2 1lbm). The weight of the associated
helium pressurization plumbing and valving is estimated to be
13.6 kg (30 1bm).

APS tank venting is provided by routing vent lines to the MPS

vent system. The APS tankage is protected from negative pres-
sures by appropriate valving.
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b. APY Feedline - The APS teed system cousist of the necassary
lines, valves, and regulators to route propellants from the APS
tanks to the APS propellani conditioning units, the MPS engine,

. and the liqu:d hydrogen heat exchangers. The feedlines are 1.27
: cm (1/2 in.) inside diameter vacuum juacketed stainless steel
lines. To maintain the APS turbopumps and feedlines in a chilled
condition, liquid hydrogen is continuously flowed 0.081 kg/hr
(0.18 1bm/hr) through the heat exchangers. mounted on the outside
of the feedlines and on the pumps, and then is dumped overboard.

C. MARTIN MARIETTA PROPELLANT STORAGE AND FEED SYSTEM

This section presents Martin Marietta's desipgns for the Space Tug
LHy and LO, propellant storape and feed systems. The design ef-
fort was concentrated on the subsystems that affect the acquisi-
tion and expulsion of gas-free liquid propellants for both MPS
and APS. Attention was also given to methods for accomplishing
liquid-free venting to achieve tank pressure control during low-g
coast periods. There was no evaluation or investigation of the
thermal protecticn system for the prcpellant utilization system.
The baseline thermal protection system and propellant utiliza-~
tion system described in the previous section are compatible
with the Martin Marietta designs presented,

P A S P s BT SEY AG E  Y Are’ Ae3 prg® we? 2 Aanss

The followinp paragraphs discuss the preliminary design and de-
sign analyses conducted to define the propellant storage arnd
feed systems for the Tug. The design effort was separated into
storage tank designs and feedline designs. However, the two de-
signs use the same concept and are functionally inseparable.
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Preliminary Design

a. Storage Tanks - Martin Marietta proposes three alternative
designs to the NACA baseline Space Tug. Each of the designs can
satisfy the baseline Space Tug mission as a minimum requirement.
However, all the Martin Marietta designs, except the basic design,
offer the advantages of increased flexibility and reduced com~
plexity while remaining competitive from a weight standpoint. The
basic Martin Marietta design is a refillable trap, the second
alternative is a system of channels, and the third is either a
trap or channel system with the addition of a full screen-liner.

ail three adeslgns are variations of the Martin Marietta Dual-
Screen-Liner (DSL) concept. The operational characteristics of
these systems were discussed in Chapter II.

Using the Martin Marietta concepts, the propellant storage and
feed system requirements for both the MPS and APS can be satis-
fied with a single storage tank for each propellant. The Martin
Marietta designs are integrated MPS and APS storage systems
rather than dedicated systems as baselined by NASA.

In addition to selecting the storage tank designs, the prelimi-
nary design analysis identified the capillary retention require-
ments resulting from the Tug acceleraticn environment. The de-
sign approach followed was consistent with that of the two previ-
ous designs. The chief consideration when designing a system

to prevent gas ingestion into the controlled liquid region is

the hydrostatic head to which the system will be exposed. If

the differential pressure expressed by

P = pgh [v-1]

exceeds the pressure retention capability of the screen, the
screen will become unstable and vapor will enter the controlled
liquid region. The larger the hydrostatic head (expressed by h
in the equation) exposed under the same conditions of accelera-
tion, the finer must be the weave of the screen employed. There
is a practical limit to the fineness of screen meshes, but, be-
cause the capillary retention capability of multiple layer screens
is additive, the prolt .em of capillary retention requirements ex-
ceeding the capability of a single screen laver of even the finest
meshes can be circumvented. Figures V-3 and V-4 illus.rate how
multiple layered screens must be employed for various conditions
of acceleration and hydrostatic head.
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In the feeder channel design, the hydrostatic head, against which
the capillary device must maintain a stable condition, is essen-
tially the length of rthe tank liner, or 5.2 m (17 ft), in the Tug
LH, tank. The maximum acccleration produced by the MFS engine
thrust is approximately 1.5 g. Because an operational require-~
ment of the system is that the channels always remain stable,
Fig. V-3 shows that an aluminum system using the finest commer-
cially available aluminum Dutch twill screen (200x1400) would
require 16 layers of screen to sunport 5.18 m (17 ft) of L¥. at
1.5 g. This is illustrated by the horizontal and vertical dashed
iines on the figure. The figure shows that a trapped liquid an-
nulus, 0.34-m (1.0-ft) high, would require only cne layer of
screen. Similarly, on Fig. V-4, the LC; system trap could be de-
signed for 1.5 g with a liquid annulus, 14.2 cm (0.47 ft or 5.6

in.) high.

The liquid annulvs of the trap is designed so it will not break
down and ingest vapor. However, the trap cover plate must be de-
signed so that, under certain conditions of acceleration, i.e.,
an MPS burn, it will become unstable and allow liquid to enter
the trap while the vapor is purged out of the trap. This is
necessary because the trap is sized so it contains only enough
propellant to satisfy propellant requirements between MPS burns.
The refillable characteristics are similar to those of the NASA
baseline A®S low-g expulsion/acquisition devices.

Absolute stability is not a regquirement of the fully lined tank
of the trap design. The function of the liner is twofold. It
will (1) keep liquid from contacting the tank wall and (2) pro-
vide a space from which the system can be vented. Continuous
venting is not a system requirement. The liner can be allowed
to break down during a full MPS burn. Under these circumstances,
liquid will enter the vapor annulus between the screen liner and
the tank wall. This liquid can be forced back into the central
region bty the increasing pressure in the vapor annulus caused by
the normal ambient heat leak into the tank after the screen has
become fully rewetted during a zero-g c.ast period. These
processes are detailed and analyzed in Subsection 2, Design
Analysis.

Wich the basic designs for the propellant storage tank estab-
lished by this preliminary design analysis, a more detailed
analysis of the various aspects of the concept was undertaken.
A summary of that analysis, along with schematic diagrams of
the candidate systems for both the oxygen and hydrogen tanks
and a more specific discussion of some of the design features
follows in Subsection 2.
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b. PFeedlines - For the feedline design, the DSL concept was also
considered as an alternative to the NASA baseline thermodynamic
vent systvem (TVS). By expanding LH, and passing it through heat
exchangers, the TVS maintains liquid propellant in the LH, MPS
feedline and the LO, and LH, APS feedlines. Because of the low
LH, tank pressure, a thermodynamic advantape is realized only in
the LO, APS feedline. The amount of superheat obtainable in LH,
heat exchanger systems is negligible. Some system complexity is
added because of the TVS control system.

Technical considerations important to the design and operaticn of
a capillary feedline system were presented in Chapter II. The
discussion presented was general in nature and established the
preliminary design for the screen liner feedline concept. After
establishing operational ground rules and design criteria, a more
detailed analysis of the various aspects of the concept was under-
taken. The Tug design criteria, operational requirements, and
feedline geometries were applied to the screen liner feedline con-
cept. A detailed design of the feedline and a discussion of spe-
cific design features follows.

Design Analvsis

Detail design analyses of several critical operational require-
ments and system geometries werd applied to the preliminary de-
rigns presented previously to yield critical sizing parameters.
The results of the design analyses were used in the detailed
designs of the propellant storage and feed systems.

Schematic diagrams of the Martin Marietta design alternatives
were presented in Chapter [1. The various analyses unique to
each of these designs are discussed here.

a. KRefillable Trup System - The first alternative to the NASA
baseline system is a screen trap positioned over the tank out-

let. The traps are designed to maintain stable conditions under
all accelerations imposed by the mission except under the accelera-
tion produced by the full-thrust firing of the MPS engine. The
trap cover is designed so that the settling bulk propellant will
refill the trap during MPS operation.

The trap dimensions were established as the result of analyses
Aiscussed later. The volume of the LH; trap is V.82 m3 (28.9 £e3)
and the volume of the 10, trap is 0.27 m? (9.41 fr3). In addi-
tion "to the screen trap system, the design includes a screen
feedline to eliminate the need for an active thermodynamic feedline
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cooling system. The dimensions of the feedline screens are
7.37 em (2.9 in.) in diameter for LO; and 6.1 cm (2.4 in.) in
diameter for Li,. A 5.1-mm (0.2 in.) vapor aunulus is provided
in both feedlines.

1) Propellant Utilization Analysis - The trap for the acquisi-
tion system must be sized so it contains sufficient propellant
to satisfy all the requirements occurring between MPS burns.
The propellant requirements include:

a) The maximum APS requirement between any two MPS burns, in-
cluding requirements for systems that tap the APS, such as
the autogenous pressurization system and the fuel cells;

b) Suffirient propellant to start the MPS engine and settle
the bulk propellant;

c¢) Liquid for engine chilldown prior to start;

d) Provisions for liquid lost from the trap because of vapor-
ization at the screen surfaces due to environmental heat
load and engine soakback heat.

Table V-2 shows that the most severe requirement for prope lant
occurs between Events 8 and 16. During this 72-hr period,
165.7 kg (365 1lbr) of 1.0, and 30.4 kg (67 1lbm) of LH, are used
by the APS syst.am.

The propellant required to start the MPS engiu« and settle the
bulk propellant is variable, depending on the time in the mis-
sion. A worst-case analysis would use the lowest acceleration
level experienced during the mission. However, the propellant
utilization schedule ig such that there is no possibility for
the trap to be uncoverei until after the perigee burn, Event 4.
The next firing of the MPS engine produces an acceleration of
approximately 0.45 g which was used to determine the settling
time in the following equation.

t =1 V2nla (v-2}

The distance, h, across which the propellant must be settled was
assumed to be the entire length of the longest tank (LH, tank),
i.e., 5.33 m (17.5 ft). The t term is essentially a safety factor
and was assumed to be 3 for this analysis. Using these assump-
tions, the resulting settling time is 4.5 seconds, and at 1.61 kg/
sec (3.55 lbm/sec) and 8.05 kg/sec (17.75 lbm/sec) for LH, and LO-,
respectively, the requirements are 7.26 kg (16 lbm) of LH», and

36.3 kg (80 1bm) of LO,.
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The vaporization that could occur at the trap screen surfaces
would be the result of two separate sources of heat.
vironmental heat leak into both the hydrogen and oxygen tanks
is approximately 0.315 W/m? (0.1 Btu/hr-ft2).
state heat soakback from the engine feedline into the trap tas

The en-

The steady-~

assumed to be 5,270 W (5 Btu/hr) in the hydrogen tank and 7,108 W

(2 Btu/hr) in the oxygen tank.

Therefore, the total heat input

- to the traps was assumed to be 9,633 W (9.14 Btu/hr) in the LH;

trap and 3,425 W (3.25 Btu/hr) in the LOj, trap.
period the resulting vaporization was found to be 1.55 kg (3.43
1bm) cf LH; and 1.151 (2.54 1lbm) of LO,.
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Table V-8 LO, and LH2 Requirements for Trag Design

Over a 72-hour

A summary of the propellant requirements for the traps is shown
in Table V-8.

Mass, kg (1lbm)

Volume, m3 (ft3)

« Pagrmery e o vaers s

LH, L0, LH, Lo,

| APS 30.4 (67) 165.7 (365) | 0.425 (15) | 0.145 (5.13)

% Resettle 7.2 (16) 36.3 (80) | 0.101 (3.6) |0.0316 (1.12)’

; Vaporization 1.5 (3.4) 1.14 (2.5) 0.02 (0.7) 8.5x10~* (0.03)
i Total 39.2) (86.4) | 203.2 (447.5)] 0.546 (19.3) | 0.177 (6.28)

el s

The traps were sized to accommodate 0.817 nd (28.9 ft3) in the
LH: trap and (,2663 a (9.4] fr') ia the LO, trap, which includes
a2 1.9 safeiy factor on the total volumes in Table V-8.

Tab.e¢ V- shave i1he actia] safety factor for the settling require-
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Table V-9 Fropellant Trap Settling Safety Factors

LH, L0,

Volume in Trap at Beginning of Coast 2.7 (28.9) 0.87 (9.41)
Period, m3 (ft3)
Used by APS or Lost Due to Vaporization] 1.45 (15.7) 0.48 (5.16)

N during Coast, m3 (ft3)

é Remaining Prior to MPS Burn, m3 (ftd) 1.22 (13.2) 0.39 (4.25)

:

: Required for Resettling, m3 (ft3) 0.33 (3.6) 0.10 (1.12)

; Safety Factor 13.2/3.6 = 3.67 | 4.25/1.12 = 3.8

! - 2) Hydrostatic Analysis - The ultimate size and shape of any

i : capillary screen retention device is largely determined by hydro-
static considerations. This is especially true of traps and,
particularly, refillable traps. A refillable trap must, by its

{ very nature, be unstable undec certain conditions of accelerationm,

[ ' while remaining stable at other times. Satisfying these criteria

’ involves the careful selection of differing screen meshes for use on
the various parts of the trap device.

{ Figure V-5 illustrates the critical dimensions considered in the
' stability analysis. The dimension, h;, represents the height of
; the contrulled liquid region or the trap liquid annulus. This
! dimension must be such that the screens containing the liquid in
: the liquid annulus do not become unstable and allow vapor to enter
§ the liquid region. The entry of vapor into the liquid annulus is
| a serious occurrence because (1) liquid propellant rocket engines
and their associated pumps are, generally, not capable of accept-
3 ing liquid-vapor mixtures and (2) a sufficient amount of vapor
could exist in the trap annulus that would cause the ctrap to
cease functioning properly. The liquid annulus must, therefore,
"1 be designed so the screen selection is stable urder the highest
accelerations in the +x and -x (axial) direction and also under
all accelerations in the +y or +z (lateral) directions over the
distance, w, denoted in Fig. V-5.

Designing the cover plate for a refillable trap requires careful
attention to the dimensions denoted as hz, and h3. The cover
plate must function properly under four discrete sets of condi-

tions. .

}
||
2
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Pigure V-5 Refillable Trup Schematic

Condition 1 - The trap is completely uncovered and the accelera-
tion is in the -x direction in Fig. V-5. This is esgentially a
settling mode condition. Under this condition, the total ex-
posed hydrostatic head is the dimension, hq. While it is desir-
able to maintain stability during this kind of maneuver, it is
not absolutely essential during an MPS burn because any propel-
lants will be settled over the trap within approximately 1.5 sec.

Condition 2 - The trap is uncovered and acceleration is in the
+x direction. This condition tends to move propellant to the
opposite end of the tank, away from the trap. The hydrostatic
head for the trap is still, hj, but in this case the cover plate
must remain stable for the hydrostatic head denoted by, hj.

Condition 3 - The trap is uncovered and the acceieration is in
the +y or +z direction. This condition results from a transla-
tional or rotational APS maneuver. If the tank is on the center-
line of the vehicle, the translational maneuver causes larger
hydrostatic heads and the trap cover plate must be stable across
the dimension, W.

v-27

R L e e

ety s e




AN P PP St g AN w TS e 3

v 4 i FET e e B -

Condition 4 - The trap is covered by settled propellant and the
acceleration is in the -x direction. This is a refill mode. The
cover plate must be unstable over the distance, h;, for the ac-
celeration conditions imposed so the liquid will enter the trap
and purge the trapped vapor. This condition will occur during

an MPS burn.

These conditions must be satisfied while considering the additional
constraint that the trap must contain a predetermined volume of
propellant.

Designing a refillable trap that will satisfy all the conditions
discussed while containing a specified amount of propellant may

not always be possible. This is particularly true if the criti-
cal accelerations are generally of the same magnitude. However,
the acceleration environment produced by the Space Tug makes it

a vehicle that is particularly adaptable to the refillable trap

concept.

Figures V-6 and V-7 were used as an aid to the proper selection

of screen meshes for the trap cover plates for LH, and LO) tanks.

The curves represent the capillary retention capability of in-

dividual screen types with the two cryogens of interest. Super-

imposed on the graphs are sliaded areas representing the a ea

through which a curve must pass to satisfy the condition indi-

cated. The conditions are those set forth on the previous page

with regard to refillable trap design. Only those curves that

pass through all three of the shaded areas represent a screen,

which would satisfy all the requirements and be accept.ble for

the trap cover plate design. Condition 4 was determined by us- -
ing the lowest acceleration for which the trap cover plate must

be unstable. This condition occurs at the end of the apogee -
burn and at the beginning of the deorbit burn. The coordinates
for Condition 4 are h; and 0.46 g. The coordinates for Condi-
tion 2 are hy and 0.02 g and for Condition 3 they are W and 0.02 g.
In the coordinate system the lower left-hand quadrant represents
unstable conditions while the upper right-hand quadrant repre-
sents stable conditions. Figure V-8 illustrates these quadrants.

Figure V-6 shows that only two screen options are available for CT
the hydrogen system, 24x110 and 30x150. The oxygen system (Fig.

V-7) has four options; however, two szreen options are marginal v
leaving 30x150 and 80x700. T
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Figure V-8 Illustration of Stable and Unstable Region

Normal design practice calls f 'r the application of a safety

factor when designing screen systems.
usuaily adopted to assure that the system will function properly

This philosophy is

despite deogradations in the bubble point of the screens which
may occur during the forming and fabrication process.
the selected screens the estimated safety factors for the sys-

tems are shown in Table V-10.

Table V-10 Propellant Trap Design Safety Factors

Condition LH2 LO2
1 2 2
2 13 17.5
3 2.6 3.5
4 1.79 1.32

Using
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It should be noted that the safety factor listed for Condition 4
is in favor of breakdown. A safety factnr of 1 would normally
assure the occurrence of breakdown.

The addition of a screen feedline to the system introduces a
special condition to the problem of hydrostatic stability. The
feedline effectively increases the values of h) and h3 to include
to include the feedline length. This can add ccnsiderably to

the hydrostatic head. LIn the :ase of the hvdrogern system, the
inclusion of a feedline means an addition on the order of 3.65 m
(12 ft).

With the screen feedline, the system may be allowed a functional
anomaly. When the MPS engine is fired, the feedi’ne is allowed

to break down and drop liquid out into the feedline liquid annulus.
This liquid is replaced from the trap reservoir so that vapor is not
ingested into the system. The liquid level rises in the feedline
vapor annulus until the distance between the rising liquid level
and the top of the liquid annulus of the trap represents head re-
tention capability of the screen. At that point the liquid level
in the feedline vapor annulus will cease risi:g and the system
will function normally as described previcusly. This loss of
liquid represents a very small amount and may only occur in the
1.0, MPS feedline.

This operational mnde does depend somewhat on the transient char-
acteristics of the engine, pumps, and valve system. The fluid
flowing down the feedline will experience some pressure loss due
to viscous effects; conversely, the acceleration produced by the -
engine will cause the pressure to increase and always be highest
at the engine valve inlet. 1f the fluid demanded by the pump
spinup and engine start transient causes a pressure drop that
exceeds the pressure built up by the acceleration start transient
exceeding the bubble point of the feedline screen, then vapor
will momentarily be ingested into the feedline flow. The type

of information necessary to evaluate this possibility was not
available; therefore, no attempt was made to carry out the analy-
sis.

b. Channel System - The channel system proposed as the second
alternative to the NASA baseline design is functionally similar
to the trap system previously described. The channel system
uses a screen-enclosed, controlled-liquid region in direct com-
munication with the tank outlet. The design consists of a num-
ber of screen feeder channels spaced around the tank perimeter
and extending the full length of the tank. These channels supply
liquid on demand from the buik liquid region through a manifold
to the tank outlet. The channels are positioned so that one or

V-32

N e & v e— s -
" I oM el de i)t




. e e 0% . Py et Ay o e

R A

- s gy b e T

e Pt oreEey A

Acic ot

NSO TRUORI P04 LRSI W ORNIUPL L S0l N 0 bore €88 g o © 2

more channels will always be in contact with the propellant and
outflow will be possible. Because of the large hydrostatic head
and acceleration environment, the scrzen surfaces of the feeder
channels are fabricated of multiple screen layers to take advan-
tage of the additive nature of individual screen capillary reten-
tion capabilities. This is necessary because the screens have
the capability of wicking liquid, and any vapor that is ingested
into a channel through the screen may be trapped when the screen
wicks over again. A significant amouat of trapped vapor in the
channels could, in certain situations, render the channels in-
operative. Therefore, the system must be designed to prevent vapor
ingestion into the controlled liquid region, i.e., the channels.

1) Hydrostatie Head Requirements - Figures V-3 and V-4 illustrate
the multilayered screen requirements for the LH; and LO; tanks,
respectively. When a screen device extends the full length of a
tank and is exposed to a high acceleration environment, the num-
ber of screens required to maintain the device in a stable condi-
tion increases notably. As illustrated, the LH) tank requires

16 layers of 200x1400 Dutch-twill screen.

Any screen device with large surface areas requiring many layers
of screen suffers a weight penalty. Weight can be reduced by
limiting the screen surface areas to the minimum required by
other than hydrostatic considerations. These considerations are
discussed in the following sections.

2) Hydrodynamic Re¢ irements - The screen surface area of a
screen device may be reduced by reducing the size of the device.
The approach taken with the channel design was to reduce the
size by limiting the number of channels to the fewest number
possible consistent with hydrodynamic considerations and propel-
lant demand requirements.

With a minimum number of channels in the design, it is highly
probable that, for a large part of the time, only one channel
will be in contact with the bulk fluid. Therefore, the channels
were gsized so that one channel could handle the propellant flow
rate requirements of the MPS engine. The cross-sectional area

of the channels was selected so that the viscous losscs in the
channel and the velocity head were acceptable when compared to
the available capillary retention capability. The channel de-
sign also considered configurations that, although they minimized
the total amount of screen in the systems, still exposed large
screen areas to the propellant in cases where the bulk propellant
was ne.rly exhausted. This consideratlon reduces the effects of
viscous losses due to flow of propellant into the system from the
bulk region.
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3] Uonfiyuratiocw Tradro!ic - ln order to determine which of
several candidate design and configuration combinations was the
most attractive from a weight standpoint, a comparison matrix
was constructed. The matrix for the LH» tank appears in Fig.
V-9.

The four most reasonable channel configurations and four repre-
sentative channel designs were combined to compare system hard-
ware weight, residual propellant weight, potentially unavaileble
propellant weight, and the combined weight of these three.

The first configuration selected was a conventional four-channel
design. Four channels were considered to be the minimum number
necessary to function properly. The second configuration added
two intersecting channel rings to the four-channel configuration.
Each ring was positioned at the intersection of the tank-hemis-
pherical end dome and the barrel section. The th'rd ronfigura-
tion was a six-channel design. The fourth configuration was
identical -0 the second, except that all but one of the channels
in the barrel section had been removed.

These channel designs were selected, primarily, because they
reduced the total screen area. The first design was fastened
directly to the tank wall, thereby, eliminating one channe side.
The second design represented those designs adopted for applica-
tions where high acceleration loads were not present. The third
and fourth designs reduced the necessary screen to a single chan-
nel side only. Both the channel configurations and designs are
depicted in the matrix headings.

The weights entered in the matrix represent the four w ight con-
siderations previously mentioned. Hardware weight is entered

in the upper left quadrant of each matrix square. The three
figures represent weights using three different screens. The
top number represents the weight of a 200x1400 aluminum Dutch-
twill screen system. The other two numbers reprzsent system
weights for aluminum screen systems of 325x23CV and 450x2750
Dutch-twill. These meshes are not currently commnercially avail-
abtle at the present time and serve orly to illustrate the po- »
tential weight savings to be realized by developing these alumi-
num sScreens.

TS

The number in Lhe upper right quadrant represents the weight of
the propellant contained within the device. The number in the
lower right quadrant represents the weight of propellant that
could remain in the tank under the most adverse conditions
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without being in contact with the device and, therefore, unavail-
atle for expulsion. Also indicated is the equivalent percentage
of the total propellant load that this weight represents.

The results of the matrix study show that the four-channel con-
figuration is not attractive because the potentially unavailable
propellant weight is comparatively high. The other three config-
urations are closely grouped. The six-channel desig: has the
smallest hardware weight, but, potentially, can trap five times
as much liquid as the uvther two. The weight advantages realized
by removing the channels in the barrel section are small in the
four-channel and ring design and the modes of anomalous failure
are increased. Therefore, the configuration consisting of four
channels w’th intersecting circumferential rings was adopted.

Of the channel desigrs, the semicircular design was consistently
lighter and was, therefore, chosen as the preferred design.

This combination was also adopted for the LO, tank with the dif-
ference that only one intersecting ring was added to the basic
four-channel configuration. That ring is at the equator of the

1.0, tank. The hardware weight for the system is approximated at
43.3 kg (95.4 1lbm).

A way of further reducing the weight of the system hardware is to
design the channels with screen "windows" instead of continuous
screen surfaces. These windows could be large enough to handle
the required flow rates without imposing large pressure loss
penalties on the system. They could be strategically placed so
that perhaps only a few could cover all possible propellant
orientations. These considerations require more detailed mission
duty cycle and timeline information that is not available. There-

fore, no attempt to assess the potential weight savings was under-
taken.

The weights for hardware indicated for the channel systems do not
include estimates of the weight additions neceasitated by various
fabrication and joining processes. These weights are not con-
sidered significant and do not alter the relative attractiveness
of the proposed systems. A raasonable figure for estimating
these weights would probably be 10% of the listed hardware weight.

e. Full Liner System - The full liner system proposed as the
third Martin Marietta alternative to the NASA baseline system is
a variation of the two designs previously discussed. A full tank
screen liner is added to the trap or the channel design (as shown
in Fig. II-2 and II-3). The channels and trap are constructed as
an integral part of the liner and are located on the inner side of
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the liner in the bulk propellant region. The liner provides the
added capability of venting the system at any time during the
mission. This capability is realized, however, by adding some
weight to the system.

1) Trap and Channel Systems - The specific details of the re-
fillable trap are unaltered by the addition of the liner to the
system. However, the channel system requires some design modi-
fication in the positioning of the screen surfaces. Adding the
liner makes it impossible for the propellant to enter the chan-
nel through the side nearest the tank wall because the propellant
is kept off the tank wall by the liner. Therefore, the screen
surface must be changed. The difficulty in designing a curved
multiple layer screen surface to withstand the buckling pressure
load experienced by the channel required the use of a cress-
sectional shape other than the semicircular design proposed
previously. The design selected appears in Fig. V-10,

Tank Wall
£ 0\

L ) \
I —
Channel ——‘\:
Full Screen Channel
Liner
(a) Channel Without Liner (b) Channel With Liner

Figure V-10 Channgl Configuraticns for Applicition With and
Without a Full Tank Sereen Liner

The screen surfaces are on the inside of the liner and the outer .
surface is made of plate. That latter surface serves no function i
in the design, other than to withstand the hydrostatic head, and

- there is no need for screen.

T The purpose of the liner is to provide the capability of non-
ml3sion-dependent venting, and, as such, must be able to support
some pressure differential to function properly. To do this the
screen must be fully wetted. Special provisions required to as-
sure that the screen is wet are discussed next.
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2) Wicking Analysis - After a MPS burn th2 screen and liquicd will
have entered the vapor annulus. The screen liner may have dried
out. This is especially true near the pre: surization port, be-
cause the pressurant must enter through t-e screen liner te cause
the propellant tc be expelled. In order for the tank to be vented
again following a MPS burn, the liquid in the vapor annulus must
be forced back into the bulk propellant region inside the screen
liner. This can be done only after the screen liner is rewetted.

The average environmental heat load in the tank is not large.

Even so, as discussed in Chapter II, a single layer of unsupported
screen will not wick liquid in a zero-g condition more than a few
inches. It will eventually reach an equilibrium state at which
the liquid front will cease to advance along the screen because
the mass flow into the screen is balanced by the vaporization
rate alorg the wetted screen lengti:. Moreover, the mass flow rate
in the screen is a function of the viscous losses encountered by
flowing liquid through the screen. Therefore, since the screen
cannot rewick along its whole length from a source in a fixed po-
sition, an additional method of rewetting must be provided.

A number of channels were included in the design to pump liquid
along the screen liner from the pool of liquid that will have
settled at one end of the tank after a MPS burn. The channels
are designed to take advantage of the pressure difference that
exists across a curved liquid-vapor interface as expressed in
the basic relationship

1 1
AP = o (R1 + E) [v-3]

where o is the fluid surface tension and R} and Ry are the prin-
ciple radii of curvature of the interface at the point of interest.

The channels have a V-shaped cross-section, which provides the
flow area for transferring fluid.

Wicking Channel M

(a) )

Figure V-11 C(Cross-Section of Wicking Channel
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As shown in Fig. V-11(a), at the point where the channel enters

-

o S I I L

the pool of settled propellant, the surface tension of the fluid

‘ will cause a very small radius of curvature to be formed in the
\ = channel. When the MPS bura is terminated, the stable zero-g
interface assumed by the settled propellant will have a large
radius when compared to the radius in thte channel at the point
where the channel enters the pool. These differences in curva-
ture will result in a lower fluid pressure in the channel than
in the bulk propellant. This pressure gradient will tend to
flow propellant from the bulk volume into the channels. The ad-
vancing interface in the channel will continue to have a small
radius, while the channel upstream of the advancing interface
will graduvally €111 with fluid, as in Fig. V-11(b). In a low-g
(10-5 g) situation, the channels will eventually be filled.
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The channels are designed so that when filled to a certain mini-
mum level, the liquid will come into contact with the adjacent
( screen and begin to wick into the screen perpendicularly away
{ from the channels. The channels are spaced so that the distance

) between them does not exceed twice the distance that can b. wicked
! by the screen alone under a steady heat leak of 0.315 W/mZ (0.1
Btu/hr-ft2).

As the liquid flows into the channels it is affected by boia the
gravitational environment and the viscous drag associated with
the flow. Uunder the worst conditions these two forces can act in
an additive wanuer to retard the flow and even limit the length

] of the channel that can be filled. This problem was studied ex-
tensively under work performed for the Viking Orbiter. Zero-~g
drop tower experiments were performed with subscale models and
the results of these tests were correlated to analytical models
(Ref V-4). These results indicate that wicking times of several ‘ o
minutes are reasonable., Using the model described in Chapter 1I, ' .
wicking in the screens to half the distance between the channels

is estimated at 2.5 minutes for LH, across 11.4 cm (4.5 in.) and -
4 minutes for LO; across 30.4 cm (12 in.). -

3) Pressurization Analysis - Adding the full liner with the ad-
ditional system capability of venting at any time requires knowl-
edge of the functional characteristics of the pressurization and ,
venting system, Y

a) System Operating Characteristics - For all the Martin Marietta _
designs, the system operation was simplified over that of the NASA -
baseline. The Martin Marietta system uses only autogeneous pres- . :
surization for both the MPS and APS expulsion requirements. Also,

V=40

L . .- - C e T e r——— e —— —

g e e ey - TR TR YT AR, YRy w—r g e s . — e e e e e

P T



because the Martin Marietta design does not use separate tanks
for APS propellant storage, a single vent system for each or the
MPS tanks is used. Pressurization takes place in the same man-
ner as the NASA baseline for the nonliner Martin Marietta de-
signs; therefore, this discussion is dsvoted to the liner case.

During a pressurization event, the autogenous gas enters the
outer annulus so that it does not impinge on the outer liner.
After exceeding the bubble point of the screen liner, the pres-
surant enters the bulk region and the tank pressure increases
to the pressure regulator setting. During outflow, pressuriza-
tion continues in the same manner with the outer annulus gas
temperatures being higher than the bulk ullage temperature.

3 hdat St

After completing an outflow period, the tank pressure drops,
rapidly and the gas temperatures cool down to approximately
liquid temperatur.. During a high acceleration burn period,
liquid from the bulk region will enter the usually liquid-free
oyter annulus because of the high hydrostatic heads and also
because of some localized dryout of the outer liner. However,
following the expulsion event, the outer liner will rewet as
mentioned in the previous section and capillary stability will
be estsblished. During the following coast period, the pressure
rise in the outer annulus will force the liquid back into the
bulk region. As mentioned in the wicking analysis discussion,
this will take only a few minutes and then venting of the
outer annulus can be accomplished without venting any liquid.
Venting using the preferred system discussed in Chapter II, is
initiated following the pressure collapse which usually takes
several hours.
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b. Mission Simulation - The pressurization and venting processes
for the Martin Marietta propellant storage and feed system were
simulated using the mission timeline given in Table V~2. Because
of the unique propellant control and management devices employed,
“ -8 simulation of these processes cannot be accomplished using typi-
S cal tank thermodynamic' computer programs., A typical computer

o program predicts tank pressures and fluid temperature histories

) for flat gas/liquid interfaces, bulk liquid in contact with the
tank wall, etc. The pressurization and venting analyses and
simulations were conducted using the DSL computer program dis-
cusgsed in Chapter II.
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For the mission simulation, the exterral heat leak is assumed to
bz constant over the entire tank wall. Heat leak into the tank
T was computed using the thermal protection criteria presented in
£} : Section A. The calculations, using an effective thermal con-

F co ductivity for the MLI of 1.9x10"7 W/cm-°K (1.1x10~5 Btu/hr-ft-°F)
}

and an ambient temperature of 294.6°K (530°R), yield a heat leak
of 0.315 W/m? (0.1 Btu/hr-ft2) for both tanks.

For pressurization and outflow, the MPS operating characteristics
and requirements nresented in Table V-3 were used. The total
pressurant used for all of the pressurization and expulsion events
(both MPS and A’S) was caiculated. The total vented mass for

each tank was calculated over the 117-hour mission. The pressure
and fluid temperature histories for each tank were predicted with

. the 1iquid temperature histories considered to be one of the more
v critical of the parameters. In order to satisfy the NPSH require-
' ments the vapor pressure of the bulk liquid could not exceed 13.1
N/cm? (19 psia) and 12.41 N/cm? (18 psia) in the LH, and LO, tanks,

; respectively.

N
WAL AU D S YYD U ot i e

The results of the mission simulations are pre¢sented in Table V-11
and in Fig. V-12 and V-13. Table V-11 gives a summary of such
important prczsurization and venting parameters as pressurant

| usage, vented nass, vent frequency, and final ~onditions for each
| propellant tank. Figures V-12 and V-13 show that the vapor pres-

sure in each tank never got above the vapor pressure required to
satisfy NPSH. The peaks indicate a pressurization and outflow

. event followed by a pressure collspse during coast. For the long

é toast periods, the tank pressure decreased and approached the

é vapor pressure corresponding to bulk liquid temperature. The DSL

3 venting technique was capable of maintaining the required tank

;: pressure and liquid vapor pressure in each tank.

5
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Table V-11 Xesulls o) Frescurizatlon and Vel idlrudat "o
Parameters L0, Tank 1H, Tank
Initial Liquid Temperature, °K 91.2 (164) 20.8 (37.5)
(°R)

Initial Pressure, N/m? (psia) 10.75 (15.6) 11.5 (17.3)

Vent Band, N/m? (psi)

Vent Frequency, cycles/hour
Total Mass Vented, kg (1lbm)
Pressurant Temperature, °K (°R)

Total Pressurant Required, kg
(b °K)

Firzl Bulk Liquid Temperature,
°K (OR)

Final Vapor Pressure, N/m?
(psia)

Mission Time = 116.6 hours.

0.207 (0.3)
3.3

16.1 (35.5)
278 (500)

96.7 (213)

92.1 (165.6)

12.3 (17.8)

0.028 (0.04)
12

27.2 (60)

166.8 (300)

19.06 (42)

21.2 (38.1)

12.9 (18.8)

d.

other important design criteria in screen selection.

Feedline Analysis - A screen liner weight comparison similar
te that performed for the integrated OMS/RCS was conducted for
the Space Tug propulsion system to determine weight penalties
assoclated with stainless steel and aluminum fine mesh screens.
A similar result was obtained, in that, although a weight sav-
ings may be realized (MPS feedlines 20% and APS only 10%) with
aluminum screen, it is not significant cnough to outweigh the

Because

Space Tug feedlines are also stainless steel, compatibility was

major concern,

An approach consistent with the integrated OMS/RCS feedline study
wag applied to the Space Tug propulsion systems.
conducted to identify screen liner feedline design as applied te
the MPS and APS LH, and LO; systems for each acquisition/expul-
sion device previously presented.
2300 Dutch twill screen required to maintain a gas-free liquid
core ware established and the propellant boiloff from each line

estimated.

m_""'v PEERVERT RS N ¥ -{t- -»—-~-~—\:
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Analyses were

The number of layers of 325x

The design approach considerud storage tanks with and
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without screen liners separately because there is a basic change
in design ground rules for the two concepts. This is discussed
in detail in the following subsections.

1) MPS Feedline Design Analysis - The imposed acceleration of
the MPS is always positive, i.e., a vector in the opposite direc-
tion of feedline flow and tending to settle propellaants in the
aft end of the tanks. As previously discussed, this is an opti-
mum design condition because the term pgl becomes negative in

Eq [II-10], helping to decrease the pressure drop along the feed-
line. The worst design condition for the MPS feedline would,
tnerefore, be for the mirimum acceleration during system opera-
tion. This approach is valid for all of the acquisition/expul-
sion devices analyzed for the Space Tug MPS.

Based on MPS full thrust flow rates of 1.61 kg/sec (3.55 lbm/sec)
and 8.05 kg/sec (17.15 lbm/sec) for the LH; and LO; systems, re-
spectively, corresponding feedline velocities are 7.92 and 1.64
m/sec (26 and 5.38 ft/sec). These values were used throughout
the MPS capillary feedline analysis.

Storage Tanks without Sereen Linerg - The proposed nonliner
storage tank concepts do not provide a low~g venting capability.
Therefore the engine idle wmode must be used for propellant condi-
tioning and venting capability as discussed in Section B. Under
these conditions, propellant settling is possible in the MPS
feedlines as well as in ihe propellant tanks.

Based on engine idle mode thrust and duration of 267 M (60 1bf)
and 145 sec, respectively, calculations were made to determine
settling distances. These distances are consistently greater
than those required for the propellant to travel to the feedline
outlet. Therefore, liquid will displace the gas, resulting in a
feedline vapor annulus filled with liquid during normal engine
operation. Under these conditions, gas ingestion into the feed-
line liquid core becomes impossible. Should some gas remain,
however, gas ingestion is still precluded as long as liquid is
present, because screen resistance to liquid penetration is much
less than for a gas.

For an acquisition/expulsion device without a screen liner, the
main design requirement for the MPS feedlines is that the hihble
point of the feedline screen be greater tnan the bubble point of
the communication screen. A single layer of 325x2300 mesh stain-
less steel Dutch-twill screen meets this criterion. Therefore,

a single screen layer is sufficient to assure that gas-free liquid

V-46
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is provided to the !MPS turbopumps for both the LU; and LO, feed-
lines for the nonliner storage tank systems. [t should be noted
thav the primary function of the . .reeun liner in this feedline de-
sign is to maintain gas-free 1liguluy witnia the liguid cere during
coast when incident heating or che feziline is vaporizing propel-
lant at the screen snitacc.

v

Sterdie conks o0 a e iecrin - The propellant acquisition/
expulsion devices with full tank liners provide low-g vanting
capability independent of the system duly cycle. Theretore,
propellant settling and engine idle mode cperation is not re-
quired. The screen liner in the designs presented is unstable
throughout most of the baseline uission, wvnich assures pcopel-
lant settling in che feedline at steadv-state conditions. How-
ever, during engine start, this conditicr may not exist and pro-
pellant settling during the MPS start transient is of major

; interest.

e

S TARERE A SR RO ST ]

N Rt rakt i L L N
TRPPFH

v ———-

Based on MPS thrust buildup data (Ref V-2), propellant settling
distances during the MPS engine start transient were calculated

at various full thrust acceleration levels using Eq [V-2]. These

{ . data are showu in Table V-12 with the required distance for pro-
pellant settling at the feedline outlet shown for both propellants.
It is clear from these data that propellants will not be settled
in {he feedline before full thrust is reached. The system must,
therefors, operate with a gas~filled vapor annuius to satisfy

Eq [I1-10].

"y

-4

Table V-1 fropellant Settling Distanze during MPS S 1 e
Table V Fropellant Settling Dist during MPS Start Transient

propellant Approximate Required
Full Inruse+ Settling Distance, Settling Distance, m (ft)
Acceleration, ¢ | m (1t) LH, L0y
0.16 0.045 (0.147) 6.70 (22) { 0.914 (3)
’ 1.3 0.363 (1.19; 10.36 (24) | 3.05 (10)
1.51 0.421 (1.38) 11.28 (37> | 3.35 (11)

Sciutions of Eq [11-10] at various a4cceleration values for the
LH, system are shown in Fig. V-14, Curves for the feedline out-
let and inlet are shown for both storage tank cuncepts. These
numbers conservatively represent the required layers of screen
necessary to assure pas-free liquid in the feediine core. Maxi-
mur and minimum MPS acceieracions are also shown.
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At low-g levels the nuwber of screen tavers cequived at the feed-
line outletr is siguificantly greater than at the fulel because
the pgl term is small compare 1o the viscous luss term. Design-
ing for worst-case conditions (V.io g acceleration) reguices 6
layers of screen at the feedline inler azud 14 lavers of screen

at the outlet for the trap systan. The channel system 1equires

5 and 13 layers of screen tor the peedliue talet and outlet, re-
spectively.

Using these numbers the requiied layers or screeir as a function
of feedline length is plotted in Fig. V-15 for the L, MPS. The
average number of screen layers, as deterwined at the feedline
midpoint are 10 and 9 for the trap and chaunel systems, respec-
tively. These numbers result in liner weight savings, compared
to a design where the layers of screen are constant for the en-
tire feedline length.

As mentioned in Reference V-1 and V-2, the 10O, MPS reedline does
not require active thermal conditioning because of its short
length. However, should propellant conditioning bacome desirable,
vhe necessary design data are shown in Fig. V-16. Two layers of
screen are required to preclude gas ingestion with » trap device
and only one layer is required for a channel system. The added
acczleration head, due to th2 increased L, of the channel system
accounts for the reduction in the required screen layers.

Table V-13 summarizes the design requirements for a Space Tug MPS
capillary feedline system.

Tavle V-.38 Space Tuy MPS Cupillavy Feedline Design loguirements

) S 1 3
Acquisition/Expulsion r‘_hlkequired Layers of 3525x2300 Mech Screen
System LH, LG
Trap without Liner 1 1
Channel withcut Liner 1 1
Trap wit™ Liner %14, 6 2
Channel with Liner *13, 5 1
*At feedline outlet and inlet, respectively,
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‘ \ Note: Based on full thrust 1
i ; flow rate of 8.05 kg/sec
32— (17.75 1bm/sec).
|
|
28—
Trap and Liner
Beginning and End of Feedline
24} (Beginning )
o0
\
o
g \
o 20 '
43
]
N
)
-
8
< 16— Minimum MPS Full
Thrust Acceleration
<124~ Channels and Liner
' (Beginning and End of Feediine)
C2
004 [ \
i | 1 el 1.
0 2 3 4 5 6

Required Leyers of 325x2300 Dutch Twill Screen

Fig. V<16 [0, Capillary Feedline Design Requirements for Space Tig MPS
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2} APS Feedline Analusis - The acceleration environment for the
APS is significantly different from the MPS just discussed. Ac-
celeration in any direction may be encountered during system
operatinn with magnitudes as high as 0.02 g. This results in a
worst-case design condition for capillary feedlines; 1.e., an ac-
celeration vector ir the direction of flow. The term pglL in Eq
[11-10] is now additive with the rest of the pressure losses.
Also, under these conditions, liquid cannot be forced into the
feedline vapor annulus region regardless of the acquisition/ex~
pulsion device used.

APS flow rates are 0.036 kg/sec (0.08 lbm/sec) for LH and 0.1l1
k/sec (0.25 lbm/sec) for LO;. Resulting feedline velocities

are 4.11 and 0.79 m/sec (13.5 and 2.61 ft/sec) for LHp and LO,,
respectively. Based on these data, an acceleration of 0.020 g,
and a feedline length of 2.44 m (8 ft) for both systems, the re-
quired layers of screen were determined for each acquisition/
expulsion device concept.

Storage Tanks without Sereen Lincrs - APS operation is basically
unaffected by the presence or absence of a storage tank liner.
The capillary feedline system must supply gas-free liquid with

a gas-filled vapor annulus whether or not a liner is present in
the acquisition/expulsion system. Proper design requires that

Eq [II-10] be satisfied. The lzyers of screen required to
satisfy this relationship are shown in Fig. V-17 as a function

of feedline length for the LH; system. An average of 4.2 layers
of 325%2300 Dutch-twill screen are required for both the trap and
channel systems without a storase tank liner. A maximum of seven
screen layers are required at the feedline outlet.

Requirements are less demanding for the LO; system. Due to the
small feedline velocity and increased screen pressure retention
capability with LO,;, a maximum of two layers of screen are re-~
quired at the feedline outlet for the trap system. At the inlet
only one layer of screemn is required. For a channel acquisition/
expulsion system, we presume that a single layer of screen through-
out the feedline~ length will assure a gas-free liquid core.

Storage Tanks with Sereen Liners - The addition of a tank liner

to the storage tank acquisition/expulsion device does not affect
the basic operational environment of the APS capillary feedline.
However, the pressure drop in the system i1s increased by an amount
equal to the bubble point of the liner. This added loss must be
accounted for in the design of the feedline system. The effect

on feedline design is to require an additional screen layer com-
pared with the nonliner systems.
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The required screen l: ~=rs for the LH, system are shown in Fig.
V-17 as a function of reedline length for the subject acquisition/
expulsion devices with a tank liner. A maximum of eight screen
layers are required at the feedline outlet while only three lay-
ers are required at the inlet for both the trap and channel sys-
tems. For the LO, system, two layers of screen are required
throughout the length of the feedline for both the trap and chan-
nel systems when a full tank liner is ircorporated into tke ac-
quisition/expulsion device.

The APS capiliary feedline design requirements are summarized in
Table V-14.

Table V-14 3Space Tug APS Capillary Feedline Design Requirements

Acquisition/Expulsion Required Layers of 325x2300 Mesh Screen
System LH, Lo,

Trap without Liner 7, 2% 2, 1*

Channel without Liner 7, 2 1

Trap with Liner 8, 3 ' 2

Channel with Liner 8, 3 2

*Requirements at feedline outlet and inlet, respectively. 1

3) Botloff Analysis - As mentioned earlier, the effective cool-
ing capacity of a capillary feedline at low pressures is due
mainly to the heat of vaporization of the liquid used. During
equilibrium conditions and for a simplified analysfs, tie amount
of propellant boiled off can be estimated by the hzat of vaporiz-
ation of the fluid divided by the heating rate, q. .-

Liquid hjdrogen APS feedline heating fluxes are assumed to be the
same as those for the MPS feedline, which are based. on an environ-
ment temperature of 238.7°K (~30°F) and feedline temperature of
207°K (~423°F). A single 10-layer blanket of MLI results in a
heating rate of 1.43 W (5 Btu/hr). Liquid oxygen boilcff was
calculated using the same heat flux associated with LH, heating
rates. This should be a -onservative appruach due to the lower
temperature differentials with LO; as compared to LH,.
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Table V-15 summarizes the propellant losses due to feedline boil-

off for both the MPS aad APS.

Total propellant boiloff is 1.87

kg (4.13 1bm) of LH; and 0.91 kg (2.0 lbm) of LO, based on a Space
These values do not include losses due to

Tug six day mission.

feedline or engine chiildown but are for liquid filled lines at
thermal equilibrium. Chilldown times and boiloff should not vary
significantly from those specified in the baseline document.

Table V-15 Estimated Boiloff for a Martin Marietta Sereen Liner

Feedline

LH, L0,

MPS APS MPS APS
Boiloff Rate, 0.012(0.026) 0.0013(0.0028) | 0.0041(0.009) | 0.0024(0.0054)
kg/hr (1bm/hr) .
Total (MPS 0.013(0.029) 0.0065(0.014)
+APS)
kg/hr (1bm/hr)
Propellant 1.87(4.13) 0.91(2.00)
Boiloff ,*
kg (1bm)

*Based on a Space Tug 6-day missi ..
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DETAILED DESIGN

This section presents the Martin Marietta detailed designs for
the Space Tug LH; and LO; storage and feed systems.

drawings illustrate the storage tank designs.

Engineering
The results of

selected detail weight evaluations are presented, as well as a
discussion of the fabrication and structural considerations for
the designa.

1. Storage Tank Designs

There are essentially two methods of fabricating screen propellant
(1) with screen supported by perforated plate

acquisition system:

and (2) with screen attached to a framework but unsupported by any

backup material between attachment pointa.

g
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support a pressure differentisl that depends on the bubble point
of the wetting fluid. Therefore, the screen and any supporting
structure must be able to withstand the tensile stress of that
internal differential pressure or the compressive buckling stress
of the external differential pressure. The capillary retention
capability of 200x1400 Dutch-twill in LH, is approximately 0.034
N/cm? (0.050 psi) and, in LO,, it is approximately 0.26 N/cm?
(0.375 psi). Capillary systems are normally designed for the
buckling failure mode; this is also the case of the Space Tug
design.

In the cas> where the design incorporates screen backed by per-
forated plate, the perforated plate carries the load and little
additional structural support is needed. Where unsupported screen
is used, the framework carries the compressive load while the
screen attached to the framework experiences tensile stress.

Where possible, the varions designs for both the LH; and LOj
propellant acquisition/expulsion systems were analyzed for mini-
mum weight using both coistruction techniques.

- L. - g inare o il e e
. I N o ‘
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The designs for the LHs; and LO2 refillable trap systems are shown
in Fig. V~18 and V-19, respectively. The figures also include a
screen liner; however, the design of the trap is unchanged by the
addition of ‘the liner. The trap is fabricated of perforated plate
and screen. The annular section of the trap has two layers of
200x1400 screen and the structure is formed by fabricating a sand-
wich of ‘two screen layers separated b -iie perforated plate. The
trap is positioned away from the wall - - at commwnication exists
between the vapcr annulus of the feedi. @ and the tank volume,
which is not occupied by the trap. The trap weights for aluminum -
and stainless stezl were compered to assess the merits of the two
structural material possibilitiea. Those weights appear in Table
V-16 -

Table V-16 Weight Comparieon of LO, and LH, Trap Designs

Aluminum Design | Stainless Steel Design

L0z Trap, kg (lbm)|4.63 (10.21) 15.7 (34.58) ) .
1H; Trep, kg (1bm)|16.16 (35.6) 42.76 (94.,2)
Clesrly, the aluminum system holds the advantage in weight even A f;i
though thicker gage materials are required in the design. There~ i
fore, saluminum wags selected for the Martin Marietta trap designs ¥
as the first alternative to the NASA baseline system. e
e
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The channel svstem proposed as the second alternative to the

NASA baseline design is also an aluminum system. The plate used

to form the semicircular section of the channels is 0.76 mm (0.030
in.) gage. The system designs are shown in Fig. V-20. The screens
placed diametrically a.:ross the channel are supported only at

their points of attachuent to the channel edges. As determined
previously, the system hardware weights are 110.5 kg (243.5 1bm)
and 43.3 kg (95.4 1bm) for the LH, and LO, tanks, respectively,
when aluminum is used.

The third Martin Marietta alternative to the NASA baseline design
incorporates a full tank screen liner into either of the other
two designs. The trap and channel designs were relatively simple
in design and fabrication. Adding the liner to the system requires
some additional considerations. The liner must be wetted so that
it can sapport the pressure differential necessary for proper
venting. The liner screen distances across which wicking must
occur are too large to depend on wicking from any one liquia
source such as the channels, the trap, or the settle bulk pro-
pellant. The wiching channels described previously were incor-
porated into the design to provide the capability to wich liquid
to the screen liner. These channels also serve as structural
members to support the screen liner.

The LHy and L0, trap and liner designs are shown in Fig. V-18 and
V-19. The designs for the LH; and LO, propellant acquisition/
expulsion system were analyzed for minimum weight, considering
both construction techniques (1) screen hacked by perforated plate
and (2) unsupportec screen attached to a wicking channel frame-
work. Both aluminum and stainiess steel were ccnsidered in the
comparison.

The weight comparison study also considered the maximum w cking
length of a given screen and fluid combination to determine which
was more critical--the maximum wicking length or the maximum
distance between support pointgs across which a screen can main-

_ tain structural integrity. Structural integrity in the case of
screens is a severe definiti n. Not only can screen rupture not
be tolerated, but even a degradation of the screen bubbie point,
caused by slight enlargement of the screen pores, is unacceptable.
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TEXITECLTA A,

For & LH; screen liner, the maximum distance between the suppoit-
ing channels for the 200x1400 mesh aluminum screen is 22.8 cm (9
in.) and is decermined by the structural criteria presented in
Chapter II. The maximum distance for the same kind of structure
for stainless steel is approximately 45.7 cm (18 in.) also deter-
mined by structural criteria. For oxygen the maximum distance

‘ between wicking char.i1els for aluminum screen backed by perforated

' plate is 83.8 cm (33 in.) and is determined by wicking criteria

. presented in Chapter I1, while for stainless steel unsupported

‘ screen is 22.8 cm (9 in.), determined by structural considerations.

‘ The four tabrication options listed here were the lightest of

‘ eight options originally available. A summary of this informa-

¢ tion is presented in Table V-17.

~ s

Table V=17 Charmel spaeing Design tptione and Cvi.cric

ST s & v Bt w9 S g ~oef MY P g A

Design Channel Spacing, cm (in.)
Type of Screen | Criteria L0, Liner LH- Liner
Aluminum Structural | Perforated 22.8 (9.0)%*

Plate*

200x1400 Mesh | Wicking 83.8 (33.0)| 76.2 (20.0)
Stainless Siructural 122.8 (9.0)*%] 45.7 (18.0)%
Steel
200x1400 Mesh | Wicking 83.8 (33.021 76.2 (20.0)
*Designates the controlling criterion.

A weight comparisou study of the two LO; candidate construction
materials (stainless steel and aluminum) was performed using

! ‘ the trap and liner design. The stainless steel design consisted

i of an unsupported stainless steel screen liner attached to a

f framework of stainless steel wicking channels similar to those
shown in the system drawings, and a trap of stainless steel screen
supported by perforated plate.

The channels were spaced 32.8 cm (9 in.) apart. %he aluminum de~-
sign had a liner of perforated-plate-backed screen attached to a
framewcrk of flow channels and an aluminum trap identical in de-
sign to the stainless steel system trap. The channels for the
aluminum liner were spaced 60.9 cm (24 in.) apart. This spacing
imposed a slight weight penalty on the aluminum system, but was
more real’ _ic in terms of volumetric efficiency because a poly-
sphe-e with 60.9 cm (24 in.) sides more closely approximates the
volume of the vehicle tank than does one of 8.3 cm (33 in.) sides.
The comparison is summarized in Table V-18.
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Table V-18 Weight Compericon of LUg Trap anwa Liner Designs

Component

Aluminum

Stainless Steel

Liner Plate, kg (1bm)
Liner Screen, kg (1lbm)
Channels, kg (1bm)

Trap (Plate and Screen)
kg (lbm)

37.81 (83.3)
8.71 (19.2)
10.62 (23.4)

4.64 (10.21)

0 (0)
17.45 (38.45)
41.08 (90.5)

15.69 (34.58)

Total

61.79 (136.11)

74.24 (163.53)

The comparison shows quite clearly that the aluminum design of
screen backed with perforated plate is lighter than the stainless

steel design with unsupported screen.

selected for the LO; tank, with a trap and liner.

The aluminum design was

A similar study was conducted to compare the weights of the LH»

aluminum and stainless steel designs for the trap and liner.
this study, as in the previous one, all perforated plate was as-
0.76 mm (0.030 imn.).

sumed to be minimum gage:

‘n

The gage for the

aluminum channels was also considered to be 0.76 mm (0.030 in.)
while the thickness of the stainless stesl channels was assumed

For the aluminum design in the LH,
ti.«, the channels or stringers were spaced 22.86 cm (9 in.) apart.

to e 0.51 mm (0.020 in.).

In addition to the stringers, additional supporting ribs were

L
also added with 22.86 cm (9 in.) spacing for additional required )

support of the aluminum screen.

The rib gage vas also assumed

to be 0.76 mm (0.930 in.) and the assumed cross-section appears

in Fig. V-21.

1.90 em (3/4 in.)

L‘_3.81 em (1 in.) -———-—.‘
i

1
Fig. V-2  Suppcrting Rib Deaign for LH, Screen Liner
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The stainless steel design was similar, but t.ue ribs and stringers
were spaced 45.72-cm 18-in. centers. The stairless steel ribs were
0.51-mm (0.020-in.) thick. In all cases the pe -forated plate was
assumed to have an open to closed area ratio of 0.50.

The weight comparison of the two candidate designs is shown in
Table V-19.

Table V-19 Weight Comparison of LH, Trap and Liner Designs

Component Aluminum Stainless Steel
Wicking Channels (Stringers), 48.12 (106.0)| 48.12 (106.0)
kg (1lbm)
Ribs, kg (lbm) 28.16 (61.8) 23.6 (52.0)
Screen Liner, kg (1bm) 15.9 (35.2) 31.96 (70.4)
Trap, kg (1bmn) 16.1 (35.6) 42.76 (94.2)

; Total 108.3 (238.6) [146.5 (322.6)

i The table shows that for the LH; tank propellant acquisition sye-
tem spplication, the aluminum design is also substantially lightar
than the stainless steel design and, accordingly, the aluminum
design was selected for the Space Tug LH; tank with a trap and
liner.

Aluminum was also the choice for the channels and liner systems.
The breakdown of weights for the Ly, and LO, systems is presented -
in Table V-~20.

Table V-20 Weights of LHy and LO, Channel/Liner Designe

, LHy, kg (1bm) LO;, kg (1lbm)
Wicking Chann:ls 41.45 (91.3) |Wicking Channels 10.6 (23.4) ;
§ Ribs 23.33 (51.4) |Liner Screen 7.58 (16.7) -
% Screen Liner 13.25 (29.2) |Liner Perforated Plate 32.7/ o
i (72.2) :
ﬁ Flow Cha.nels 150.27 (331.0) |Flow Channels 58.56 (129.0) .
Total 228.31 (502.9) 109.5 (241.3) 3
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The volumes enclosed in the controlled liquid regions of the four
designs are 0.118 m> (4.18 ft3) t{or the LH; and LO, trap designs
and 1.23 m3 (43.5 ft3) and 0.65 m3 (9.38 ft’) for the channel

designs.

The caole method used in the integrated OMS/RCS design is also
used her:z for attaching the screen liner assembly to the propel-
lant tank wall. As previously mentioned, this approach was re-
viewed by Beech Aircraft Corporation. In their judgment, the
attachment design is conservative.

An important consideration in the fabrication of the screen de-
vice is maintaining the retention capability durin; any forming
and assembly orocesses. To ensure that the capillary retention
capability is within the sperifications, the various components

of the LH; and LO; systems muct be bubble-point tested. The
bubble point tests shouid be conducted after every assembly
process in the fabrication sequence. The screen should be checked
in the as-received condition before any fabrication is attempted.
Each subassembly (for example the trap coverplate) should be
chiecked as it is completed. In the instence where the subassembly
employs multiple screen layers, such as the trap liquid annulus

or the flow channels, the subsssembly should be bubble point
tested after each screen layer is added. The large screen liner
for the LO, tank can be fabricated in individual gore sections.
The L0, tank liner is formed to 20 gore sections of perforated
plate and screen in each hemisphere, and the hemispheres are
we'ded together at the equator. Each of these gore sections can be
tested for bubble point individually before they are assembled

to form the liner.

The LH,; liner has no perforated plate. The as-recaived screen
can be bubble point checked and then welded into place on the
wicking chanuel framework. The T-section of the ribs is elimi-
nated at points where they are joined to the wicking channels
so that the flow in the channeli will not be impeded by obstruc-
tions.

Feadline Design

Important design details in a capillary feedline system were dis~
closed in the previous snalysis of the integrated OMS/RCS feed~
lives. Except for the dimensions, the discussion presented, as
well as Fig. V-19, apply to the Space Tug propulsion system.
Fabrication, support structure design, system operation, and
integration were considered and will not be discussed here,
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Vapor-annulus gap selection was based on the same criteria as
those previously discussed. For the Space Tug, baseline diam-
eters are significantly different for the MPS and APS systems.
Baseline diameters (screen liner inside diameter) of 6.1 cm (.4
in.) and 7.4 cm (2.9 in.) for the LH, and LO, MPS, respectively,
and 1.27 cm (0.5 in.) for both APSs are noted. The primary con-
cern in small lines, such as the APS, is fabricatioa problems
arising from system design (close tolerances, etc). For the MPS,
the weight penalty associated with increased feedline diameter
and the annulus volume required for the boiloff rate are domi~
nating factors. Annulus gaps of 0.95 cm (3/8 in.) and 0.32 cm
(1/8 in.) were selected for the MPS and APS feedlines on t'=2
basis of these considerations. The resulting feedline geometry
was used in estimating capillary feedline weights for the Space
Tug systems analyzed.

A breakdown of system weights is shown in Table V-21. The weights
shown are for screen liner acquisition/expulsion devices. They
are also representative of nonliner devices as well, with the ex-
ception of the LH; MPS. A reduction in assembly weight from 33.9
to 22.8 kg (74.8 to 50.2 1bm) is realized for the LH; MPS feed-
line with a nonliner tank configuration.

Table V-21 Space Tug Capillary Feedline Weights

LH; Feedlines L0, Feedlines
Wetight MPS APS MPS APS

Screen Liner, 1.94 (1.3) {0.21 (0.14) | 0.34 (0.23) ]| 0.08 (0.05)
kg/m, (lbm/ft)

Piping, kg/m 1.37 (2.26)]0.46 (0.31})1 0.87 (2.6) 0.45 (0.30)
(1bm/ft)

Total Feedline,| 5.30 (3.56)]0.67 (0.45) ] 4.22 (2.83) ] 0.53 (0.36)
kg/m (lbm/ft)

Assembly, 33.9 (74.8) |1.6 (3.6) 3.9 (8.5) i.3 (2.8)
kg (1bm)

The capillary liner weight includes the screen and spacer material
and excludes support standoffs, Additional weight for standoffs
should be small, however. Total capillary feedline weight is sim-
ply the sum of liner and piping components. This ie given in
weight per unit langhts and abs~lute weight of the system, based
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. on the estimated lengths of 6.4 m (21 ft) and 0.91 m (3 ft) for
. the LH; and LO; MPS lines, respectively, and 2.44 m (8 ft) for

i both APS lines. The screen liner accounts for only 34% of the

total system weight for the LH; lines and 11% for the LO, lines.

s The data presented here should he competitive witn the baseline

design on a weight basis.

W T, 2

E. COMPARISON OF NASA BASELINE AND MARTIN MARIETTA STORAGE AND FEED
SYSTEM

1. Operational Considerations

Both the baseline and the Martin Marietta designs use surface
tens.on devices as the basic means for providing gas-free liquid.
N However, functionally, the two systems differ greatly.

S S PR ST AN b v

- ——-
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The first Martin Marietta alternativs to the baseline design is
the refillable trap. This system has capabilities identical to
T - those of the baseline design and at the same time eliminates the
requirement for two APS tanks and the APS pressurant supply tank.
Thus, the requirement for four pressurization, four vent, and

k four sets of fill and drain lines (shown in Fig. V-1) has been

' -educed by 50%. Therefore, the attendant lines and valves are

: not required. The screen feedline also eliminates thc¢ need for
the LH; feedline heat exchanger un the MPS LH; feedline and the
APS feedlines. The elimination of these components and subsys-
tems reduces the weight of the system, and, as is discussed in
the next section, the refillable trap system is considarably -
lighter than the baseline design. This condition alone makes it
3 ' an attractive option.

B Y

-

)

0f equal importance is the significant increase in the simplicity
o of all the systems. As many as 12 valves can be eliminated from
. the beseline feed, fill, drair, and vent system (Fig. V-1), to-
gether with the feedline heat exchanger by adopting the Martin
Mavietta system design. An additional six valves and two feed-~
line heat exchanger can be eliminated from the pressurization 4
system. Because a specific failure rate is intrinsic to each ﬁ

>
T

componant, & reduction in ths number of components imp.ies an
increase in the reliability of the overall system. Th: elimina-
tion of the two start tanks in the Martin Marietta designas also
reduces the number of pressurization and vent systems by twc.
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The baseline Space Tug design uses two different pressurization
systems. 1In addition to the autegencus pressurization svstems
for the main tank, a ccld gas helium pressurization system is
used in the APS start tank. This high-pressure cold-gas system
is heavy when compared to other pressurization schemes. It is
also sensitive to changes in the APS or MPS start up require-
ments. 1If the requivements for APS propellants were to increase,
if the idle mode settling time were increased, or if a different
.ngine requiring more chilldown prcpellants were substituted in
the system, the start tank and related pressurization components
would experience s'.gnificant weight increases. By contrast, the
Martin Marietta systems pressurize only with autogenous gas from
the accumulators. Any addit{onal pressurant requirements would
be met by loading only the additional liquid propellant needed
for conversion to the gaseous pressurant.

e Ve vemnme

e ime e

The Martin Marjetta trap design is opevationally much more flex~
ible. The size of the APS tanks in the baseline system limits
" . the total usage of the system. A fixed amount of APS usage and/
‘ or a fixed number of MPS starts are determined by the tank size.
Therefore, a change in the mission requiring more APS usage or
more MPS burns would not be possible without major system modi-
B , fications. The alternative trap desiyn is not nearly so mission
' | limited because the traps are refillable. The only restriction
is that the total liquid usage between any two MPS burns must not
exceed the capacity of the trap and the MPS thrust duracion must
{ be sufficient to settle the propellant and refill the traps.
: Therefore, changes in the miscion can be more readily accommodated
by the Martin Marietta refillable trap system design.

WA, PP P P PRl TENGE PRI A | '.-.-

r ! In summary, the basic Martin Marietta alternative design offers

l several advantages over the NASA baseline. The Martin Marietta
system offers all the capabilities claimed by the baseline sys-

"tem and both require an idle mcde engine operation to settle pro-

pellants before venting. However, the Martin Marietta design is

lighter, significantly less complex, and hence, more reliable and

somewhat less mission-dependent.

Nearly total mission independence is achieved with the second
Martin Merietta alternative design, the channel system. Mission
independence is achieved at the cost of some weight increase over
the trap system. The discussion of th. dAartin Marietta crap sys-
{ tein advantages is applicable to the channel system as well. The
: important difference between the channel system and the tra, or
the NASA baseline gystems 1s the freedom from mission constraints
that it offers. The channels are positioned so they will always
be in contact with the unrestrained bulk 1liquid somewhere in the
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tank. Therefore, as long as there is propellant in the tank,
and regaraless cf when or how the previous mission event oc-
curred, APS activation is possible. Since venting can only
occur immediately prior to an MPS burn, the propellant will
always be settled when the MPS engine is fired. However, the
idle mode engine startup requirement is not counstrained in any
way by the channel design, and the MPS engine can be restarted
as many times as a mission may require.

The Space Tug baseline document indicates that venting during

a coast period may not be required. Even though this claim has
not been substantiated, the NASA baseline design does not pro-
vide for venting capability except during a MPS idle mode. For
the purpose of strict comparison, the first two Martin Marietta
alternative systems were designed for the same limited -enting
capability featured by the NASA baseline system. With a.y sys-
tem which cannot be vented as conditions may require, an anomal-
ous condition requiring venting during a coast period could
jeopardize the mission. There may also be advantages realized
from the removal of the requirement for a MPS engine with an idle
mode capability. Since the idle mode requirement is dictated
strictly by the nature of the acquisition system and its vent-
ing capability, the third alternative design proposed by Martin
Marietta (which can be vented at any time) offers an attractive
option. The third Martin Marietta alternative involves the addi~-
tion of a full tank screen liner to either of ‘he other two
systems--the trap or the r*asnnels. The discussion of operational
characteristics of those two systems remains valid with the one
exception that the third syste=m can be vented as conditions re-
quire. The design also removes the propellant from the tank wall,
thereby substantially reducing the possibility of localized hot
spots and nucleation points in the propellant. Such poiats can
cause rapid increases in pressure rise rates in the tanks. Thus,
the trap-liner system is independent of mission constraints to the
extent allowable by the trap volume, and the channel liner system
has complete functionrl independence of any mission that might

be required of the Tug.

Weight Considerations

a. Hardvare Weights - Comparisons between the NASA biseline Space
Tug propellant storage and feed aystem and the weights of the al-
ternative Martin Marietta designs appear in Tables V-22 and V-23.
Table '~22 shows the comparison between tha NASA baseline and the
first twe alternatives--the refillable trap system and the channel
system. T.e« waights . the MPS feed, £111, drain, and vent system
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Table V-2%2 Comparison of the NASA Baseline and Martin Varietta Systam Weighte (vithout Liners)

NMASA BASELINE DESIGN, kg (1bm)

Martin Marietta Designs, kg (lbm)

Total System, Pxcluding
Propellsnt Tanks

141.8 (2.3

67.16 (147.9°

Storage Tanks LHz Lo, Storage Tacks LM Lo»

APS Tenk 26.9 (5% 13.6 (30) Acquisition’/Expulsion Devices

APS Tank Insulatio. 5.0 (11 2.1 (&) 1) Refillaole Traps 16.16 (35.6) | 4.63 (13.2)

Acquisition/Expuleion Device 12.8 (24} £.08 (9 2) Channels, without tank 110.5  (243.5) | 43.3 (95.4)

GHe Storage Tank 131 Q9 1iner

GHe 9.62 (21.2) MPS Fead, Fill, Drain and Vant

CHe Valving and Plumbing 9.08 (20) Valving 16,3 (36.0) |13.4  (29.6)
72.7 (160.2) | 20.4 (45.0) Plumbing and Liner 335 (73.9) [17.47  (38.5)

MPS Fgad, Fill, Drain and Miscellansous 10.9 (24.1; 5.17  (11.4)

Vent 60.83 (134.0) | 3.1 79.5)

Valving 19.3 (43.9 17,7 (39.0)

Plusbing 3.6 (80.7) |21.8 (ag.1) | APS Feedline

Miscelisneous 1.1 (26.5) | 5.8 (2.8 | Flembims 0.953 (2.1) | 0.681 (1.4
67.69 (149.1) | 45.35 (99.9) Screen Liner 0.59 (1.%) 0.681 (1.4

: 1.5 (3.4) 1.271 (2.8

APS Teed Iine

Plumbing 0.726(1.6) 0.726 (1.6) {:::11_:1::-. Excluding Propel-|

Heat Exchanger~ 0.935(1.4) 0.635 (1.4) Sefillable Traps 8.5 7.0 | 2.0 (92.5)
1.36 (3.0) i .M Channels 172.9  (380.9) [ 80.6 (177.7)

Table V-23 Comparison of the NASA Baseline and Martin Marietta System Weighte (with Linere)

¥ASA Baseline Design, kg (ibm)

Martin Marietta Desigus, kg (lbm)

Total Systes, Rxcluding Pro-
pallant Taunks

.8 O0n.3»

67.14 (147.9)

Storage Tanks 14, 10, Storags Tanks LR, 10,

APS Tank 249 (5%) 13.6  (30) Acquisition/Expulsion Device

APS Tank Insulation 5.0 ay .7 (& 1) Refilleble Traps vith Liner] 108.3  (238.6) | 61.78 (136.1)

Acquisition/Expulsion Devices| 10.8 (24) 408 (9 2) Channsls with Liser 228.3  (502.9) ] 109.5  (261.3)

GHa Storage Tank 13.1 (2

CHe 9.62 (21.2) MPS Faed, Fil', urain snd Vent

Gle Valving nd PLusbing 9.08 (20) Valving 6.3 13,0 | 13.4  (29.6)
2 60.2 | 20.6 sy | Psbies M (98.5) | 17,6 (36.8.

Miscellaneous 10.9 (24.1) 5.17 (11.4)

rg Tesds FLLL, Drain and 22.00 (158.6)| 36.23 (79.8)

Valving 19.93 (63.9) |12.7 139.0) | Ar8 Pesditine

Plumbing 3.6 (0.7 |21.8 (48.1) | riumbing 0.933 (2.1) 0.635 (1.4)

Miascellaneoue 13,5 (24.5) 5.8 (12.8) scroen Liner 0.681 (1.9 0.638 (1.4)
$7.69 (149.1) | 45,33 (99.9) 1.6% (5.6) 1.27 (2.8)

APS Peadline Total dystom, Bxcluding Propel-

Plumbing 0.726¢1.6) | 2.726 (1.9 leat Tanks

Beat Sxchasgars 0.635(1.8) | 0.635 (1.8) Refillable Traps with Liner |181.9 (400.5)| 99.28 (210.7
1.3 (3.0) | 138 (3.0 Channel with Liner 02,0 (665.1) | 1671 (323.9)
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for the Martin Marietta design reflect the savings realized
from eliminating a number of unnecessary componercs from the
baseline system.

Cerw, T oL Rapariedew

The basic storage tank weight category indicates that the refill-
able traps are considerably lighter and the channel system is
somewhat heavier than the biasciine design. The refillable *rap
system compares exactly with the capablility of the baseline sys-
tem and is, therefore, an attractive option because of its re-
duced weight and increased reliability. At some weight increase
over the baseline system, the channel design offers complete
functional independence of mission duty cycle because it cen
deliver propellant at any time regardless of the propellant
orienvation in the tank.

b. Residual Weights - Normal design practice involves assessing :
a weight penalty against a system for the amount of propellant ;
contained within the controlled liquid region of the screen de- ‘
vice  rfor the systems described here, those weights are: ;

s 4 N St e S W TN o

LH, trap, 8.53 kg (18.8 1bm)
L0, trap, 55.38 kg (122 1bm)
LH; channels, 88.5 kg (195 1lbm)

LO2 channels, 302.8 kg (667 1lbm)

L T e

F. CONCLUSIONS ;

Based on the analyticzl and comparative evaluations conducted
under this study, the Martin Marietta capillary concept offers
the best approach for watisfying the .ryogenic propellant storage
and feed requirements cf a typical Earth-orbiting vehicle plenned
for the late 1970's ani early 1980's. The capiilary concept can
satisfy a wide range of operatiny conditions and cryogenic stor- ]
age applications. The basic concept can be easily modified to
maet specific design criteria and mission requirements.
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In this study the DSL concept was evaluated and modified to satis-
fy the propellant storage and feed requirements of the Space Tug.
A comparison between the preferred Mart‘+ Marietta design and the
NASA baseline Tug design showed that tl . Martin Marietta design
was much simpler and more passive. The Martin Marietta design re-
quires fewer propellant tanks and associated hardware such as dis-
connects, lines, valves, etc than the baseline design. 1In addition
the Martin Marietta design eliminates the requirements for propel-
lant settling and veptinz using ‘he idle mode engine operation.
This places the requirement for the idle mode operation entirely
on the necessity for turbopump ass=2mbly and engine thrust chamber
chilldown. Since the Tug requirements emphasize system reusability,
long life, high reliability, etc the Martin Marietta propellant
storage aud feed system cryogenic design is considered to be more
attractive than the NASA baseline design, and, therefore, the
Martin Marietta design is the preferred system for the Space Tug
dpplication. The weight compariron showed that there was some
weight saving advantage over the NASA baseline by the Martin
Marietta system having equivalent capability; however, systems
having increased capatility and mission independence incur some
additional weight penalties.

V=74
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i

DEVELOPMENT PLAN

The DSL tank/feedline storage system and specific deslgns were
preserted in earlier chapters. It is a promising system for in-
corporation into Earth orbiting vehicles for the subcritical
storage of cryogens. The plan, including cost and schedule, to
develop and qualify the DSL design for a specific application
and mission will, of course, be different depending on the system/
mission criteria and guidelines. For example, qualification
costs for the system are drastically different for the manned
and unmanned missions. The specific cryogen, system capacity,
type of liquid demand (i.e., number of expulsions and desired
fluid quality), tank and feedline geometries, packaging, mission
duration, adverse acceleratior criteria, allowable vent periods
and desired fluid quality, cost and schedule implications, num-
ber of systems, and design margins will be different from one
application to the next.

As discussed in this volume and in Volume III, considerable ef-
fort has been expended with regard to analysis, design, fabri-
cation and ground testing to verify the design and operational
characteristins of the DSL system. The stratificatinn phenomena
(discussed in Volume III) and the limited low-g test duratious
(provided in drop towers and aircraft flying Keplerian trajec-
tories) justify Martin Marietta's position that an orbital test
to verify liquid-free vapor venting performance for the DSL is
the key requiremeuat for the development program, regardless of
the specific deslign and application. Two different orbital cx~
periment approaches are presented in Volume 1IV.

The plan presented in this chapter deals with the development of
the DSL tank/feedline design for use in the integrate. .5/KCS
system (LH, and LO, storage). The integrated storag: Arpl::a-
tion is discussed in Chapter III.

This plan emphasizes tlie events, ‘'nsts, and schedcle io. devel

oping the system to be incorporatec into the orbiter. Cir’ . u.:
budgetary and 1973 dollars.

Vi-1
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OBJECTIVES, GUIDELINES AND APPROACH

Objectives

The objectives of this plan are to outline the steps and estimate
costs associated with the development of the DSL cryogenic pro-
pellant storage and feed system.

The DSL system considered is th2 integrated OMS/RCS design de-
veloped under this phase of the program and shown schematicaliy
in Fig. I1-59. The propellants are liquid oxygen and liquid hy~
drogen. Because the primary problems associated with the stor-
age and use of cryogens are created by their low temperatures,
the development efforts for liquid hydrogen and liquid oxygen
ave considered to be similar with respect to cost and complexity.
Our experience over the past few years has imnvolved the develop~-
ment of spherical and cylindrical screen configurations in sizes
ranging from less than 0.3-m (1-ft) dia to a spherical DSL tank
1.78-m (70-in.) dia. While buildinz this latter device, screen
febrication techniques were developed that allow realistic as-
sessment of the development requirements for full-scale cryogenic
systems.

The systen components were shown in Fig. II-59 and include the
folluwing.

1) The propellant tank assemblies are spherical and are 3.81-m
(12,.5-ft) in diameter for the LH; system and 2.51-m (8.25-ft)
ir diameter for the L0, systam.

2) The propellant management device in 2ach storage tank is a
complete screen liner with 20 liquid feed channels. One
tank for each propellant contains a reentry tank as part of
the liquid outlet manifold.

3) The OMS and RCS feedlines are vacuum jacketed with capillary
screen liners. The tank-to~tank transfer lines are vacuum

jacketed, but not screen lined. The OMS and RCS liquid hydro-

gen feedlines are 18.3-m (60-ft) and 3.05-m {(10-ft) long,
reapectively, with an inside diameter of 10.2-cm (4~in.).
The OMS and RCS liquid oxygen feedlines are 4.58-m (15-ft)
and 3.5-m (1C-ft) long, respectively, and alsc have an in-
side diameter of 10.2 cm (4 in.).

Vi-2
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For this plan, only one tank and feedline for each propellant
will be devaloped. Other propellant system components such as
valves and disconnects are not covered by the plan and will be
simulated for develcpment testing using existing ground type
components.

Approarh

Although testing of the DSL tank concept under 1 g (as described
in Volume III) has verified predicted liquid expulsion perfor-
mance and other criti~-~" operational characteristics, stratifica-
tion effects prevented liquid-free venting. The latter must be
successfully demons:rated during an exteanded low-g test. A pro-
gram to design, . .ild, and fly such an orbital experiment is de-
scribed in Volume I7. The orbital module includes a VU.76-m
(30~in.) diameter 10O, tank with a complete liner and 12 flow
channels, similar in design to the OMS/RCS tank configurat ons.
A screen liner feedline was also included as part of this module
to provide low-g d2monstrations of single phase LO, expulsions
and intermittent ond near-continuous vapor venting. This type
of orbital uxperinent provides final verifi:ation of the DSL pro-
pellant management design for cryogen storage. A number of
flight options were investigated as reported in Volume IV, Cne
of the two preferred options, a dedicated payload on the Atlas F,
or Atlas F/Burner 1I, launch vehicle would cost between $5 and

$7 million. The second option, to fly the test module on the
Titan II1I/Centaur pruof flight as a tertiary payload, indicated

a cost of only $1.6 m*llion. This lower cost was due to the
shared payload approach and because the experiment was allowed
essentially unlimited weight .nd space within the payload shroud.

The flight was also one-of-u-kind with a relatively short time
schedule.

In summary, the cost for the orb :tal demonstration can range from
the $1.6 million (tertiary payload) to $7 million (dedicated pay-
load). The reader should refer to Volume IV for details of tue
orbital program plan.

In addition to the orbital demonstration progrem, a seccad 18-
month program is also required to develop tlie specific prototype
DSL system design. The basic elemeuts of this program (shown in
Fig. VI-l) arc detailed in this chapter. The sucond program is
initiated following completion of the orbital program.

Vi-3
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After program go-~ahead, the design requirements and criteria are
identified a . a design specification document is published.
This document establishes the guidclines and ground rules for
the 6-month detail de ign effort that terminates with the com-
pletion of detusil fabricatioi. drawings for the prototype DLSL
tank and feedline system.

Some subscale model tests will be conducted to support the design
effort. In addition to these tests, the eng..eering laboratory
wiil fabricate and assemble the test fixtures required for the
~cototype Dti tank and feedline performance tests. The i0-month
..oricatic and assembly effort will start at the end of the
fourth month after program go-ahead. All of the fabrication and
. "sembly will be done at Martin Marietta's fabrication facility.

The detail schedule an’ costs for this development program are
presented in the final section of this chapter.

’
DSL TANK AND FEEDLINE DEVELOPMENT REQUIREMENTS

General

The work items and costs associated with the develupment of the
complete airborne cryogenic propellant storage and feed system
are not covered by this plan. The detailed development steps
and costa for the DSL tank and feedline are treated because this
type of system has not yet been used in a spacecraft. The fol-
lowing paragraphs describe the required development effort for
the DSL tank and feedline to be brought to the flight qualified
status.

DSL Tank and Feedline

The DSL tank and feedline designs used for this development study
were shown in Chapter 111 (Fig. II1I-16 through 1I1-18). The
capillary screen assemblies for both the tanks and the feedlines
consist of stainless steel (300 series) Dutch twill screen sec-
tions resistance-welded to perforated stainless steel sheet metal
subassemblies. The assembled liners are suspended within the
aluminum alloy propellant tanks by braided stainless steel cables.
The tank vent lines are of aluminum alloy and the tank liquid
outlet lines are stainless steel. The propellant tanks are covered
by multilayer insulation consisting of alternate luyers of alumi-
nized Mylar and giass paper. The tank assemblies are suspended
within titanium spherical vacuum jackets using braided stainless
steel cables.

Vi-4

Y AR d e 2

Lo



Sueniimeastisnt Ry

RS Lol ot

Months from Start

1 2 5 1
Design
Requirements g -
and Criteria Specif- |
Model ications|
2| specifications]
-
D
3 Design r
- A
% Analysis |£
E, Manufacturing
Identify Test Models and Test
Development & Fixtures Liaison
Testing Design w Start
[
c
: '
= - -
8 I
} 9
0. Test System
Materials
V Procurengnt
Start
e
£ y
2 Build Test
S Models &
o Fixtures
L Start
[
8 Subscals
c and Model
= Testa
o
(Y]
on
L~
=
=
g
c
<
3




Swrinsitendiientigy ¥ M Samwmewn L

T

s #Eo g

| b e

B .
TR ’%F‘gg%‘ﬂ;“‘ TNEERED TR AT o

1 8 9 10 11 12 13 14 15
DSL Tank
and Peedline
Detail -
Design .\
' Complete
1 Design Y
Analyeis
' Complete
| !
[ + DSL Tank
& Faoiline
1 - Material
Procurement]
Complete
{( Start [Start
_ P S ————y r‘bric.tion DSL T‘nk
::t'z::t: of Test #-{and Feedlin
4 e — - - —1Systen Performance
: uul.;:. Facility |Tests
I Subacale I
d o - Model
Test~
Complete

DSL Tank
and Feedline
Fabrication

Fig. VI-1 Development Program for Pull-



11 12 13 14 15 16 17 18
Manufacturing
and Test
Liaison

] j Complete
. System
eriale
curement
Jlete |
xt Start DSL Tank
ixication DSL Tank and Feedline
Teat {and Feediine —4»1 Per formanca
tem Performance Tescs
+1lity # Tests Complete
ubscale ‘
odel
asts
omplete

)

Pig. VI-1 Development Program for Full-Soale Cryogenic Aoquistition/Expulsion System

Rl

VI-5 and VI-6

———

— e

o

4 oy yos v



R T L BT Y SO A S,

. e

e s,

e ——

R BT T N, EPREME Y cpars i

e g —

B . Sewse—

¥ M peewmeer W

The engine feedline assemblies are similar to those for the tanks
with regard to construction and materials. Screen liner assem-
blies are of fine mesh stainless steel screen and perforated
stainless steel sheet.

Development Status Summary

Tables VI-1 and VI-2 present summaries of the key design items
for the DSL tank and feedline system, along with an assessment

of the development status of each. Fabrication development status

is presented in Table VI-3. Although such a system has not been
flown, the considerable analysis, design, znd testing conducted
under this phase of the program during Contract NAS9-10480 and
under Martin Marietta in-house programs, have produced a high
level of development. However, a number of the design, fabrica-
tion. assembly, and inspection details require additional in-~
vest: gation.

The long-:term low-g data obtained from the orbital experiment
will complete the ‘nformation needed to verify the DSL design

and full-scale system performance. The thermodynamic data ob-
tained, for example, will substantiate the analytical model usead
t0 size the tenk and feedline annuli and tank line sizes, as well
as establish the insulation requirements. The experiment, in ad-
dition to providing a demonstration of vapor venting and single-
phase liquid expulsion, will also allow evaluation of the p.oto-
type vent control system.

PROTOTYPE SYSTEM DEVELOPMENT

The second phase of the development program will be initiated
following the completion of the orbital test program. The ob-
Jectives of this phase are to complete the development of the
flight prototype LH, and LO, acquisition/expulsion systems.
During this phase, the results of the orbital test program will
be used to evaluate the integrated OMS/RCS designs (presented in
Chapter III) and make design changee as required. Detailed fab-
rication drawings will be made and two prototype (LH, and LO;)
systems will be fabricated and tested. The design analysis, fab-
rication and testing tasks are detailed in the following para-
graphs.

Vi-7
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2SL ravx Developrent Jwmars

Design Feature

Development Status

Addit fonal Deve.opment

[ T

v e rgrt ns e
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Performance

Vapor Venting

tiquid Expulsion

Transient Flhienomena

Pressure Drop

Bulk Propellant
Control

Interface Stability

Liquid Damping

Bubble Point

Passive Communication
Liner

Screen Wicking

Stratification phenomena prevented l-g
venting tests under Phase A.

Minus 1 g LH, successfully expelled
using 63.5-c8 (25~in.) dia model . , .
Subscale DSL models f.o KC-135 using
methanol as test liguid during low-g
tests in November 1971

startup and skutdown (expuision)
-frects on iaterfece stability

ana yzed urder Phase A; MDAC slsc
analyszed under present MSFC . niract.

Coniiiderable dats avajilable for vis-
cous flow and entrance (flow turough
perforated material) losses to design
DSL system.

Bulk propellant support demonstrated
1~ #1,=135 teyts with noncrycgens.
Phase A LH2 sround tests, a3 well.

Considerable data for perforated
material are acailable from previous
programs, NAS9~8¥39, NAS8-21259, and
NAS8-20837, for example. Cround test
data, including drop tower and
KC-135, are available for screen and
perforated plate under normal and
parallel (with rogard to foraminoms
material suriace) accelerstions.
Vibrational effects experimentally
evaluated under Phase A.

Damping of liquid using foraminous
material experimentally evaluated and
categorized under drop towar study,
ContractsNAS8-21259 and NAS8-20837.

Measured for aingle and multilayer
screen under Phase A using wathanol,
LN,, and LO,; Lockheed has also
-.zlurod bnihlc point using 102 under
AF contract,

Performance demonstrated in KC-13%
tests using ncacryogens; Phase A IH
tests also.

Satisfactorily demonstrated under
pressurization and axpulsion tests
during Phase A teats.

2

Seed orbital test to verify
performance. (“ce Vol 1V)

No more ground tests .

nrbital test Jata zre devirable.

None. MDAC §s stuaving these
effects further under APS
Breadboard Program with MSKC,
iContract NASB-2757)

none.

Data from extended low-g

orbital tests are Jesirable.

None.

None. Orbital dats are desiz-
able.

None. MDAC is measuring bubble
point uoing LU, under on-going
LeRC contract.”

Dats from orbi.al test de-
sired . . . not required.

Orbital data would be beneficial.
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Design Feature

Development Status

Addirional 6;;;iopuent

Performance

Incipient Boiling

Pressurization

Vapor Collapse

Tank Loading

Svstem Controls

Vapor Venting

Fluid Quality

Mags Gaging

Inspection
Spray Technique

Bubble Point

The LH; tests under Phase A showed
that liquid expulsion could be
achieved without generating vepor
within the liquid flow channels.
Superheat required for localized
boiling has been gtudied by
University of Michigan under

MSFC funding for seversl, con-
secutive years. Marangoni

effect was also studied by MMC
under Project CLED, Contract
NAS8-11328. Numerous othar siudises
reported in the literature.

GH, and GHe pressurization
sulcessfully demonstrated for
continuous cnd intermictent LH;
-1 g expulsions under Phase A.

Studied analytically and exper.-
mentally (KC-135 tests) under
Phase A.

Successfully demonstrated using LN;
and LH; under Phase A test using
63 5-cm (25-in.) diameter model.

System developed for Plrase A tests
appears adequate for LH; and L0,
orbital storage.

Liquid/vapor sensc~s and flow-
meters used in Phase A 1H; tests
appear adequate for LH; end 10,
storage.

No such device has beer used; how-
ever, nucleonics systen under
development by AF and RF gaging
being developed by NASA appear to
be suitable to DSL.

Concept to spray liquid over acreen
device to bubble check has been
experimentally verified using swall
tank models aud for the 1.78-m
(70-in.) diameter

See earlier item.

Orbital experiment desired.

None . . . orbitul data would
further verify periormance.

Orbital expeximent desired.

Orbitai test would be beneficial.

Orbital test data appear

desirable.

Orbital test dat: are desirable.

Additionsl l-g testing would

provide additicnal verification.
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Table VI-2 DSL Feedline Development Swrary

Desiyn Feature

Development Status

Additional Development

Performance

Vapor Venting

Liquid Expulsion

Transient Phenomena

Wet and Dry Liner

Conditions

Heat Soakback

Systea Controls
Vapor Venting

Fluid Quality

. Valving

Inspretion
Spray Technique

Bubble Point

Successfully demonetrated for 1.01-m
(40-1n,) long model using Freon under
l-g tests, Phase A. MMA IRSD Program
in progress to demonstrate venting for
6.1-m (20-ft) long model using LNZ as
test liquid.

Succeasfully demona:rated for 1.0l-m
(40-1n.) long model using Freon under
l-g tests, Phase A. MMA IRGD Progran
in progress.

Freon system (above) was succesafully
demonstrated under startup and
shutdown sequences; on-going LN

IRLD Program to provide ndditioanl
data.

The Preon system, sentioned earlier,
was successfully demonstrated under
initially wvet conditions. The LN
IRLD Program in progress will provide
these l1-g data.

Analysis has been performed under
Phase A and under Contract NAS7-734
and other coatracts. Specific point
design is required to sssess engine
heat soakback, turbopump assembly
(TPA), effects on DSL design.

See DSL tank (similar ftem).

See DSL tank (similar item).

Valving to join feedline vapor region
with that for tank. Analysis and

design done under Phase A and Phase
€ (Vol 1V).

See DSL tank (similar item).

See DSL tank (similar itew).

IR6D Program in
Orbital test is

IR&D Program in
Orbital test is

IR&D Program in

progress.
required.

progress.
desired.

progress.

Orbital experiment is required.

Additional 1-g tests and orbital

test required.

Orhital test data are desirable.

Orbital data are desirablo.

Orbital data are desirable.

Addicional l-g testing desired.

None.
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Table VI-3 Fabrication

oY L

Deve lopment Summary

Design Faatute

Development Statua

Additional Deveslopment

Pine-Mesh § reen
Yorming

Scrsen Joining

Dissimilar Metal
Joining

Multilayer Screen

Cleaning Techniques

Inspection

Screen Support

Screen=to~Tank

Techniques are available for single
and compound curvature. The latrer,
however, presently degrades screen
bubble point by ae much as 502. The
single curvature technique uvsed for
the 63.5-cn (25.0-1n.) diameter model
under Phase A, and for the 1.78-w (70-
in.) diameter screen liner unaer the
MMA IRSD Progrea, is acceptable. ‘lhe
bubble point degradation is nearly
zero when compared to the "az
received” bubble point.

Joining of the Dutch twfll screen has
been successfully demonstrated for
steinless, aluminum, and titanium.
Stainless systems have zuccessfully
been flown. The joining te:hniques
include vrazing, welding, and various
diffusion bonding techniques. The
63.3~cm (25.0-1in.) dismeter model
used nearly 100X tin sclder for cost
and schedule reasons.

The usual practice i{s to avoid the use
of dissimilar metals; however, tech~
niques are available. For exsaple,
under JPL Contract 951709, Martin
Marietta joined stainless screen to
titanium plats using rivets covered

by water glass.

The Dutch kwill screen channels for
the 6).5~ca (25.0-1n.) diameter model
vere composed of two layers of screen,
The feedline, in particular, for the
integrated RCS/0MS system basalined
here requires multilayer ucreen.

More of this work 1s planned under a
Martin Marietta IRAD Program during
calendar year 1973,

Martin Marietta, under previous IR&D
work, has demonstrated cheuical clean-
ing and other techniques acceptadle for
fine mesh screen. In fact, data are
available for immersion of ¥23x2300
scresn in lic.id fluorine for up to 35
days. MNo affect on bubble point was
neasured.

Sea bubble point technique, as dis-~
cussed esarlier.

Various techniques have been de-
veloped to support the fine-mash
acreen...parforated plate, coarse
screen, and combinations of screen
and plate.

Different support techuiques are

prasented in this volume and in

Volume 1V to support the screun con-

:tgurntton within ths tank and feed-
ine. )

Wone required; however, more
work is required fo, the double
curvature {f it 18 to become a
candidate forming technique.

More work is desired for the
sluminue and titanium to reach
the stainless status.

More work is desired.

More work is desired with
regard to closel, spaced fine-
aesh screen layers.

None. Orbital experiment i
desired.
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Design Analysis

The design analysis conducted under Phase A (discussed in Chapter
111) yielded engineering or conceptual type drawings for the in-
tegrated OMS/RuS LH . and LO. systems. The analytical models and
design methods used were verified by ground tests. These designs
were also reviewed by Beech Aircraft Corporation of Boulder,
Colorado (Ref VI-1), and found to be completely adequate for in-
corporation into a man-rated, flight cuaiified cryogenic storage
system.

Under this design analysis task, the orbital test results will

be reviewed. The test data will be used to medify the analyti-
cal models and design methods develuped under Phase A as required.
The integrated OMS/RCS designs will then be reevaluated and the
required design will be buflt. A design task to develop detailed
fabrication drawings for two prototype (LH. and LO.) systems will
be conducted.

Analyses that will be performed to support the detailed design
effert include streas and dynamic, thermal and thermodynamic,

and fluid mechanics. With the basic system configuration and
size vstablished (i.e., tank volume, feedline length and diam-
c¢ters, and valving requirements) a system layout will be made to
locate major components and select support and attachment points.
The combined stress and dynamic ansiysis will be conducted using
launch and flight accelerations, acoustic loading, propellant
tank slosh, pyrotechnic shock, and vibration as input data. This
a.alysis will be subject to several iteracions as the component
designs are made. It will continue throughout the 6-month design
task with the final {teration following the final design changes.

The thermal <iid thermodynamic and the fluid mechanics analyses
under this task will review the results of the orbital test pro-
gram. Of particular interest in the thermal and thermodynamic
atea will be the venting performance characteristics, the low-g
thermal stratification effects, and end heating on the feedline.
Low-g fluid mechanics data, which impact the design, include
screen wicking, communication screen perxformance, and bulk fluid
control. Design modifications will be incorporated based on
these data.
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Fabrication and Test

Under this task, the manufacturing snd inspection techniques re-
quired to produce a full-scale flight qualified system will be
developed. Forming and joining screen segments and screen and
sheet metal sections are basic fabrication tasks. All devices
fabricated to date have been uccomplished by skilled laboratory
technicians on a one-of-a-kind basis. Soft soldering, fusion
welding, and resistance seam and syjot weiding methods have been
used to build the test devices. (n every case, the test device
was used for basic capillary device performaunce investigation.
Mcthods now must be developed o form and join sections of a
full-scale system capable of uwithstanding flight er '‘ironments.
Ia addition, the inspection techniques required of a full-scale
system must be developed. In particular, an in-tank and in-
feedline method of verifying screen liner integrity and cleanli-
ness will be developed. This work will be accomplishaed as a
part of the fabrication of the tanks and feedlines for the scale
model teat program.

Fabrication and assambly of the subscale tes: models will be

done in Martin Mavietta's Eungineering Test Laboratory. These
test devices do not require the formal engineering drawings or
the quality control during fabrication that flight hardware re-
quires. Fabrication and assembly of the prototype tanks and feed-
lines, on the other hand, will te completed in the manufacturing
area. This e fort requires the planning and control normally
used with deliverable flight hardware. Formal quality control
techniques, tooling, and standard manufacturing prucesses will

be used to develop the overall manufacturing plan for fabrication
of flight systems. Fabrication and assembly of procured parts
such as the vent-control components will occur at vendor plants
under controls similar to thoge used for the tanks and feedlines.
These suppliers are regulated by component design specifications
and a component acceptance test is used to provide a final check
of supplier manufacturing quality.

At least one complete system for each propellant will be fabri-
cated and assembled fcr the system development cest. Major com-
ponents of the system will be assembled in the manufacturing
area. These will thlien be moved into the laboratory test area
for couplete system assembly. Because ihe major features of the
system provide for low-g propellant management, which cannot be
tested under l-g conditions, the ta2st program will be relatively
conventional. Fill and drain, outflow, pressure cycling, tem-
perature cycling, and thermal performance tests will make up the
major portion of the test program.

Vi-13
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DSL TANY AND FEEDLINE COSTS

Cost estimates for the developing of the DSL tank and feedline
systems are presented under two categories: (1) the Orbital
Experiment and (2) Prototype DSL Tank and Feedline Development.
Table VI-~4 lists the cost for each ftem and total cecst for each
category of development. Again, it must be emphasized that cost
estimates are budgetary.

Table VI-4 DSL Tank amd Fcedline Development Program Ccste

Program Phase Custs
1. Orbital Test Program $1.6 to $7M
11. Prototype DSL Tank and Feedline
Jevelopment
A. Design Analysis $460K
Fabrication $575K
C. Develcpment Tests $370K

Additional Developnent Items
1. Fine~Mesh Screen Forming and

Joining $ 30K
2. Dissimilar Metal Joints $ 30K
3. DSL Inspaection and Checkout $ 53K
Subtotal $1.52M
TOTAL COSTS $3.12 vo $8.52M

Costs for the full-scale DSL tank and feedline include the devel-
opment of two flight hardware quality tanks and feedlines, with
the remainder of the development test system made up of unquali-
fied ground components. Also, costs are presented for the devel-
opuwent of three items that wure not considered under the orbital
test program: (1) fine mesh screen forming and joining (2) dis-
similar metal joints, end (3) DSL inspecition and chaeckout.
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i E. DEVELOPMENT PROGRAM SCHEDULE
3
? The program schedule with milestones for develupment of the tank
: and feedlines for the integratad OMS/RCS propellant storage and
¥

feed system is shown in Fig. VI-2. The 20-month span covers all
neceasary operations from program go-ahead to the end of devel-
opuent test for the prototype systems. All supplier components
such ag shutoff valves, regulators, check valves and filters are
y not flight qualified during the program. The propellant tenks,

: including propeilant management devices and the screen liner

: feedlines, complete development testing at a component and system
: level and are ready for system flight qualification at the end of
: 20 months. Au area of concern with regard to msintaining the

; schedule 1s the development of msnufacturing tachniques for full-
: scale DSL tank and feedline fabrication. Work to date has been

. of a wavelopmental nature with considerabls handcrafting by

i skilled specialized technicians. This type 3f fabrication now
nust be scaled up to normsl manufacturing operations.

Meathe from Go-Ahesd
Davelopmmut Step & [ [] 10 12 14 16 18 20

Progran Go-Ahesd (Orbital Test Program Complete)

Design and Analysis
Kay Development Items
DSL Tank and Faedline

Procul ement
Long-Lead ftems Start A
Kay Development [tems Materials

DAL Tank and Feadline Materials ISRV

e U S
B g, TH O W e R T A G Sy %

mas

Test Systeu Materiale

Fabrication R [«

Tast Pistures snd Models T A

DR, Teoks T T AN
: DEL Pesdltnes AN
e

] Systom Test Pacility

Testing
Teat Procedires AN
Subscale and Model Tests A

DSL Tenk saa Peedliae Performence Tests Ay

N

weumsntag low
Developmsnt Teet Report A

Flg. VI-2 DG Tank and Fesdline Dovelopment Status
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VII.

CONCLUSIONS AND_RECOMMENDATIONS

- -~ — oy o e W > s > S e o

The passive DSL tank/feedline design is ext.emely attractive for
efficient and reliable subcritical storage or crycgens during ex-
tended periods at low-g. The results obtained during this phase

of a rather significant analytical and experimental effort tend

to verify the predicted DSL perfcrmance and onerational flexibiliity.
The acquisition/expulsion system designs presented here for the in-
tegrated OMS/RCS (LH- and LO;), the dedicated OMS (Lu,), and the
Space Tug (LH, and LO,) appear most capable of satisfactorily meet-
ing the spacecraft and mission requirements. The designe were
developed using the analytical and design methods verified by the
comprehensive ground tests conducted under this phase of the p.o-
gram. Testing of a representative subscale DSL tank model, using
LH, as the test liquid, successfully demonstrated vapor-free liq-
uid outflow and the performance of the communication (gas annulus-
to bulk region) screen liner. However, testing of this 63-cm (25-
in.) diameter model, described in Volume 11J, did not demonstrate
liquid-free vapor venting because of the l-g thermal stratification
phenomena.

It is recommended, therefore, that the next step in verifying the
DSL concept is to conduct the orbital test program outlined in
Volume IV. The orbital test bed provides the long-term, low-g
environment needed to demonstrate vapor venting, liquid cryogen
outflow, and bulk fluid control. This test is considered to be a
vital step in the development plan outlined in Chapter VI.
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